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because  without  modern  machinery  not  enoi 
be  raised  to  supply  the  population.  In  fact , 
subject  is  considered,  the  more  clearly  it  is  si 
present  time  the  lives  of  civilized  men  are  in  n 
directly  dependent  on  the  tilings  pro<!ueed  h- 

Astronomy  is  a  science.  That  is,  it  is  om 
jects,  such  as  physics,  chemistry,  geology 
which  have  made  the  present  age  in  verj' 
altogether  different  from  any  carher  one.  I  \ 
oldest  science  and  the  parent  of  a  number  of  ■ 
in  many  respects,  it  is  the  mast  perfect  one. 
sons  it  illustrates  most  simply  and  clearly  thi 
of  science.  Consequently,  when  one  enters 
of  astronomy  he  not,  only  begins  an  acquit 
subject  which  has  always  been  noted  for  !!■ 
selfish  ideals,  but,  at  the  same  time,  he  becom 
the  characteristics  of  the  scientific  movemeti! 

2.  The  Value  of  Science.  —  The  import 
in  changing  the  relations  of  men  to  the  pi 
about  them  is  easy  to  discern  and  is  genem 
lecognized.  That  the  present  conditions  *.- 
than  those  which  prevailed  in  earher  times  ■ 
'A  science,  and  the  more  it  is  consideretf  {!•• 
view,  the  more  valuable  it  is  found  to  be. 

The  changes  in  the  mode  of  living  of  nn' 
has  brought  about,  will  probably  in  the  re,'  ■ 
rise  to  marked  alterations  in  his  physiipi- 
food  supply,  shelter,  clothing,  anil  s:iiji: 
recently  been  introduced  as  a  conpcciuiin 
coveries,  correspond  in  a  mcagure  to  tli  ■  n 
best  breeds  of  domestic  animals  ha\i'  In 
without  which  they  degenerate  townnl  il 
which  they  have  been  derived.     Ami  ]m. 
factors   which   cause  changes  in   livii  . 
better   known   through   scientific   i 
consciously  direct  his  own  evolution. 


,  .'/I'j  .inu  aii-tcrc      This  is  v 
c.'.iHf.       Wliil<'    -(•'k'Iicc   is    fxactin^   in 
<!i  ion,  it  is  ncjt  in.seuhible  to  the  beau 
all  branchcM  of  science  there  are  wonc 
appeal  strongly  to  those  who  fully  com 
of  the  great  scientists  have  expresses 
writings  as  being  deeply  moved  by  the 
subject.    Many  of  them  have  had  moi 
for  art.    Mathematicians  are  noted  for 
and  there  are  numerous  examples  of 
wore  fond  of  painting,  sculpture,  or  j 
the  common  opinion  that  science  and  a 
correct,  yet  science  would  contribute  indi 
the  loisuro  it  furnishes  men. 

3.  The  Origin  of  Science.  —  It  is  doi 
t^uit  soientifio  idea  ever  sprang  suddenly 
Kinglo  man.  The  great  intellectual  mov 
have  had  long  periods  of  preparation,  a 
^"oro  gripping  for  the  same  truth,  withoi 
U^foro  it  was  fully  comprehended. 

Tho  foundation  on  which  all  science  i 
that  tho  unix^erse  is  orderly,  and  that  all 

mo  anothor  in  harmonv  with  invariable  1; 

^Monot^  was  Jnuxv^ibl.^  ..«*•» 
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acceptance  of  the  term,  but  it  was  largely  confined  to  the 
relatioQB  among  celestial  phenomena.  The  conception  that 
the  heavens  arc  orderly,  which  they  definitely  formulated  and 
acted  on  with  remarkable  success,  has  been  extended,  espe- 
cially in  the  l;l^t  two  centuries,  so  as  to  include  the  whole 
universe.  Tlie  extension  was  first  made  to  the  inanimate 
world  and  then  to  the  more  complicated  phenomena  asso- 
ciated with  living  beings.  Every  increase  in  carefully 
recorded  experience  has  confirmed  and  r^trengthened  the 
belief  that  niiturR  is  perfectly  orderly,  until  now  every  one 
who  has  had  :in  opportunity  of  becoming  familiar  with  any 
science  is  finnly  convinced  of  the  truth  of  this  principle, 
which  is  the  b;isis  of  all  science. 

4.  The  Methods  of  Science.  —  Science  is  concerned  with 
the  relations  among  phenomena,  and  it  must  therefore  reafc 
ultimately  upon  observations  and  experiments.  Since  its  ' 
ideal  is  exactness,  the  observations  and  experiments  must 
be  made  with  all  possible  precision  and  the  reaults  must  be 
carefully  recorded.  These  principles?  seem  perfectly  obvious, 
yet  the  worlii  has  often  ignored  them.  One  of  the  chief 
faults  of  the  scientists  of  ancient  times  was  that  they  indulged 
in  too  many  argtiments,  more  or  less  metaphysical  in  charac- 
ter, and  made  too  few  appeals  to  what  would  now  seem  ob- 
vious observation  or  experiment.  A  great  English  philoso- 
pher, Francis  Bacon  (lotJl-]li27),  made  a  powerful  argument 
in  favor  of  founding  science  and  philosophy  on  experience. 

It  must  not  be  suppttsed  that  the  failure  to  rely  on  obseiv 
vations  and  experiment,  and  especially  to  record  the  results  •• 
of  experience,  arc  faults  that  the  world  has  outgrown.     On  - 
the  contrary,  they  are  still   almost   universally   prevaJent    . 
among  men.     Fur  example,  (here  are  many  persons  who  be- 
lieve in  dreams  or  premonitions  because  once  in  a  thousand 
cases  a  dream  or  a  premonition  comes  true.     If  they  h^^a 
written  down  in  every  case  what  was  expected  and  ■ 
actually   happened,  the   absurdity  of   their   theory   \ 
have  been  evident.     The  whole  mass  of  superstitions 
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phenomena  ha^  been  discovered  the  next  step  is  to  infer,  by 
the  process  known  iis  induction,  that  the  same  thing  is  true 
in  all  similar  cases.  Then  comes  the  most  difficult  thing  of 
all.  The  vita!  relationslUps  of  the  one  class  of  phenomena 
with  other  classes  of  phenomena  must  be  discovered,  and 
the  several  classes  must  be  organized  into  a  coherent  whole. 

An  illustration  will  make  the  process  clearer  than  an 
extended  argument.  Obviously,  all  men  have  observed 
moving  bodies  all  their  lives,  yet  the  fact  that  a  moving  body, 
subject  to  no  exterior  force,  proceeds  in  a  straight  line  with 
uniform  spee<i  was  not  known  until  about  the  time  of  Galileo 
(1564-1642)  and  Newton  (1643-1727).  When  the  result 
is  once  enunciated  it  is  easy  to  recall  many  confirmatory 
experiences,  anci  it  now  seems  remarkable  that  so  simple 
a  fact  should  have  remained  so  long  undiscovered.  It  was 
also  noted  by  Newton  that  when  a  body  is  acted  on  by  a 
force  it  has  an  acceleration  (acceleration  is  the  rate  of 
change  of  velocity)  in  the  direction  in  which  the  force  acts, 
and  that  the  acceleration  is  proportional  to  the  m^nitude 
of  the  force.  Dense  bodies  left  free  in  the  air  fall  toward 
the  earth  with  accelerated  velocity,  and  they  are  therefore 
subject  to  a  force  toward  the  earth.  Newton  observed  these 
things  in  a  large  number  of  cases,  and  he  inferred  by  induc- 
tion that  they  are  universally  true.  He  focused  particularly 
on  the  fact  that  every  body  is  subject  to  a  force  directed 
toward  the  earth. 

If  taken  alone,  the  fact  that  bodies  are  subject  to  forces 
toward  the  earth  is  not  so  very  important;  but  Newton 
used  it  in  connection  with  many  other  phenomena.  For 
example,  he  knew  that  the  moon  is  revolving  around  the 
earth  in  an  approximately  circular  orbit.  At  P,  in  Kg,  3, 
it  is  moving  in  the  direction  PQ  around  the  earth,  E.  But 
it  actually  moves  from  P  to  R.  That  is,  it  has  fallen  toward 
the  earth  through  the  distance  QR.  Newton  perceived  that 
this  motion  is  analogous  to  that  of  a  body  falling  near  the 
surface  of  the  earth,  or  rather  to  the  motion  of  a  body  which 
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bling  men  to  adjust  themselves  to  phenomena  over  which 
they  have  no  control.  For  example,  in  many  harbors  large 
boatH  can  enter  or  depart  only  when  the  tide  is  high,  and  the 
knowledge  of  the  times  when  the  tides  will  be  high  is  valuable 
to  navigators.  After  the  laws  of  meteorology  have  become 
more  perfectly  known,  so  that  approaching  storms,  or 
frosts,  or  drouths,  or  hot  waves  can  be  accurately  foretold 
a  considerable  time  in  advance,  the  present  enormous  losses 
due  to  these  causes  will  be  avoided. 

The  knowledge  of  general  laws  may  lead  to  information 
regarding  things  which  are  altogether  inaccessible  to  obser- 
vation or  experiment.  For  example,  it  is  very  important 
for  the  geologist  to  know  whether  the  interior  of  the  earth 
is  solid  or  hquid ;  and,  if  it  is  solid,  whether  it  is  elastic  or 
viscous.  Although  at  first  thought  it  seems  impossible  to 
obtain  reliable  information  on  this  subject,  yet  by  a  number 
of  indirect  processes  (Arts.  25,  26)  based  on  laws  established 
from  observation,  it  has  been  possible  to  prove  with  cer- 
tainty that  the  earth,  through  and  through,  is  about  as 
rigid  as  steel,  and  that  it  is  highly  elastic. 

Another  important  use  of  the  deductive  process  in  science 
is  in  drawing  consequences  of  a  theory  which  must  be  ful- 
filled in  experiencf  if  the  theory  is  correct,  and  which  may 
fail  if  it  is  false.  It  is,  indeeti,  the  most  efficient  means  of 
testing  a  theory.  Some  of  the  most  noteworthy  examples 
of  its  application  have  been  in  connection  with  the  law  of 
gravitation.  Time  after  time  mathematicians,  using  this 
law  as  a  basis  for  their  deductions,  have  predicted  phenom- 
ena that  had  not  been  observed,  and  time  after  time  their 
predictions  have  been  fulfilled.  This  is  one  of  the  reasons 
why  the  truth  of  the  law  of  gravit.ation  is  regarded  aa  having 
been  firmly  established. 

5.  The  Imperfections  of  Science.  —  One  of  the  char^ 
acteristics  of  science  is  its  perfect  candor  and  fairness.  It 
would  not  be  in  harmony  with  its  spirit  to  attempt  to  lead 
one  to  suppose  that  it  does  not  have  sources  of  weakness. 
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Be^des,  if  its  possible  imperfections  are  analyzed,  they  can 
be  more  easily  avoided,  and  the  real  nature  of  the  final 
conclusions  will  be  better  understood. 

It  must  be  observed,  in  the  first  place,  that  science  con- 
sists of  men's  theories  regarding  what  is  true  in  the  universe 
about  them.  These  theories  are  based  on  observation  and 
experiment  and  are  subject  to  the  errors  and  incompleteness 
of  the  data  on  which  they  are  founded.  The  fact  that  it 
is  not  easy  to  record  exactly  what  one  may  have  attempted 
to  observe  is  illustrated  by  the  divergence  in  the  accounts 
of  different  witnesses  of  anything  except  the  most  trivial 
occurrence.  Since  men  are  far  from  being  perfect,  errors 
in  the  observations  cannot  be  entirely  avoided,  but  in  good 
Bcience  every  possible  means  is  taken  for  ehminating  them. 

In  addition  to  this  source  of  error,  there  is  another  more 
insidious  one  that  depends  upon  the  fact  that  observational 
data  are  often  collected  for  the  purpose  of  testing  a  specific 
theory.  If  the  theory  in  question  is  due  to  the  one  who  is 
making  the  o!»servations  or  experiments,  it  is  especially 
difficult  for  him  to  secure  data  uninfluenced  by  his  bias  in 
its  favor.  And  even  if  the  observer  is  not  the  author  of  the 
theory  to  which  the  observations  relate,  he  is  very  apt  to  be 
prejudiced  either  in  its  favor  or  against  it. 

Even  if  the  data  on  which  science  is  based  were  always 
correct,  they  would  not  be  absolutely  exhaustive,  and  the 
inductions  to  general  principles  from  them  would  be  sub- 
ject to  corresponding  uncertainties.  Similarly,  the  general 
principles,  derived  from  various  classes  of  phenomena,  which 
are  used  in  formulating  a  complete  scientific  theory,  do  not 
include  all  the  principles  which  are  involved  in  the  particular 
domain  of  the  theory.  Consequently  it  may  be  imperfect 
for  this  reason  also. 

The  sources  of  error  in  scientific  theories  which  have  been 
enumerated  are  fundamental  and  will  always  cxiat.  The 
beat  that  can  be  done  is  to  recognize  their  existence  and  to 
nunimize  their  effects  by  all  possible  means.     The  fact  that 
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science  is  subject  to  imperfections  does  not  mean  that  it  i* 
of  little  value  or  that  leas  effort  should  be  put  forth  in  it*    * 
cultivation.     Wood  and   stone  and   brick   and   glass   havc"'^ 
never  been  made  into  a  perfect  house ;  yet  houses  have  been    ^ 
very  useful  and  men  will  continue  to  build  them.  ' 

There  are  many  examples  of  scientific  theories  which  it  ■* 
has  been  found  necessary  to  modify  or  even  to  abandtm  ' 
These  changes  have  not  been  more  numerous  than  thej^  -^ 
have  been  in  other  domains  of  human  acti^nties,  but  they  i 
have  been,  perhaps,  more  frankly  confessed.  Indeed,  ther<'  i 
are  plenty  of  examples  where  scientists  have  taken  evida)!  ■ 
satisfaction  in  the  alterations  they  have  introduced.  The  i 
fact  that  scientific  theories  have  often  been  found  to  hi-  i 
imperfect  and  occasionally  positively  wrong,  have  led  somr  ^ 
persons  who  have  not  given  the  question  serious  con.sideratioi  ■  ^ 
to  suppose  that  the  conclusions  of  science  are  worthy  of  nc  ,, 
particular  respect,  and  that,  in  spite  of  the  pretensions  o*  , 
scientists,  they  are  actually  not  far  removed  from  the  levt"  ., 
of  superstitions.  The  respect  wliich  scientific  theori» 
deserve  and  the  gulf  that  separates  them  from  superstition'  , 
will  be  evident  from  a  statement  of  their  real  nature.  ^ 

Suppose  a  person  were  so  situated  that  he  could  lool^ 
out  from  an  upper  window  over  a  garden.     He  could  mah 
a  drawing  of  what  he  saw  thatwould  show  ejtactly  the  relativ      ^ 
positions  of  the  walks,  shrubs,  and  flowers.     If  he  were  cok- 
blind,  the  drawing  could  be  made  in  pencil  so  as  to  satisf 
perfectly  all  his  oliservations.     But  suppose  some  one  el; 
who  was  not  color  blind  should  examine  the  drawing.     H 
would  legitimately  complain  that  it  was  not  correct  becau- 
the  colors  were  not  shown.    If  the  colors  were  correctly  givei 
both  observers  would  be  completely  satisfied.     Now  suppo* 
a  third  person  should  look  at  the  drawing  and  should  thi 
go  down  and  examine  the  garden  in  detail.     He  would  fiij,,^_^ 
that  the  various  objects  in  it  not  only  have  positions  ht_ 
also   various   heights.     He   would   at    once   note   that   i^^^ 
heights  were  not  represented  in  the  drawing,  and  a  f 
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them,  and  in  this  respect  differs  from  a  superstitioJ*^^ 
is  not  completely  in  harmony  with  its  own  data.  It  ■-'^ 
many  additional  things  and  leads  to  their  investigation 
the  implications  are  found  to  hold  true  in  experienC^^ 
theory  is  strengthened  ;  if  not,  it  must  be  modified,  ii^ 
there  should  be  no  reproach  in  the  fact  that  a  sciC 
theory  must  be  altered  or  abandoned.  The  necessity 
such  a  proci.tlurc  mranti  that  new  information  has  W 
obtaimnl,  not  that  the  old  was  fal^c' 

6.  Great  Contributions  of  Astronomy  to  Science.  — ■ 
waa  explained  in  Art,  3,  science  starte<l  in  astronomy.  Mj 
astronomical  phenomena  are  so  simple  that  it  was  posral 
for  primitive  people  to  get  the  idea  from  observing  tin 
that  the  universe  ie  orderly  and  that  they  could  discover 
laws.  In  other  sciences  there  are  so  many  varj-ing  facti 
that  the  uniformity  in  a  succession  of  events  would  not 
discovered  by  those  who  were  not  deliberately  looking  for 
It  is  sufficient  to  consider  the  excessive  complexitiea  of 
weather  or  of  the  developments  of  plants  or  animals,  to 
how  hopeless  would  be  the  problem  which  a  people  wi 
out  a  start  on  science  would  face  if  they  were  cut  ofE  fti 
celestial  phenomena.  It  is  certain  that  if  the  sky  had 
ways  been  covered  by  clouds  so  that  men  could  not  hi 
observed  the  regular  motions  of  the  sun,  moon,  and  s\ 
the  dawn  of  science  would  have  been  very  much  delay 
It  is  entirely  possible,  if  not  probable,  that  without  the 
of  astronomy  the  science  of  the  human  race  would  yet  1 
a  very  primitive  state. 

Astronomy  has  made  positive  and  important  contri 
tions  to  science  within  historical  times.  Spherical  tri 
nometry  was  invented  and  developed  because  of  its  usa 
determining  the  relations  among  the  stars  on  the  vftull 
the  heavens.    Verj-  many  things  in  calculus  and  still  hig 

'  The  oonipiirisoii  of  Bricntifie  tbeorips  with  the  pirtiire  of  the  ol) 
seen  in  the  garden  is  for  the  purpose  of  making  clpar  one  of  their  pai 
fMtturea.     It  must  be  romemhered  Ihat  in  nioat  respects  the  comi 
with  so  trivial  a  thing  la  very  imperfect  and  uufoir  to  ecieace. 
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One  of  the  most  important  influences  in  modei^ 
thought  is  the  doctrine  of  evolution.  It  has  not  a 
©ven  dirot'tioii  to  investigations  and  speculations 
and  gpolugy,  but  it  has  abo  been  an  important  ta 
interpretation  of  history,  social  changes,  and  ev  ' 
The  first  clear  ideas  of  the  orderly  development  * 
verse  were  obtained  by  contemplating  the  relati'^ 
celestial  phenomena,  and  the  doctrine  of  evolutii  • 
rent  in  astronomical  literature  more  than  half*" 
before  it  appeared  in  the  writings  of  Darwin,  S*' 
their  contemporaries.  In  fact,  it  was  carried  df  , 
astronomy  over  into  geologj-,  and  from  geolof 
biological  sciences  (Art.  242). 

7,  The  Present  Value  of  Astronomy.  —  Frot 
been  said  it  will  be  admitted  that  astronomy 
great  importance  in  the  development  of  scient 
commonly  believed  that  at  the  present  time  ii 
practical  value  to  mankind.  ^Tiile  its  use*> 
means  so  numerous  as  those  of  physics  and  i 
is  nevertheless  quite  indispensable  in  a  numl- 
activiiies. 

Safe  navigation  of  the  seas  is  absolutely  d«|j 
astronomy.     In  all   long  voyages  the  captaii--| 
frequently  determine  their  positions  by  obsei 
celestial  bodies.     Sailors   use  the  nautical  i 
which  approximately  equals  one   and   one  | 
miles.     The  reason  they  employ  thenauticalfl 
is  the  distance  which  corresponds  to  a  chai 
of  are  in  the  apparent  positions  of  the  I 
That  is,  if,  for  simplicity,  the  sun  were  ovi 
altitude  as  observed  from  two  vessels  a  nai 
on  that  meridian  would  differ  by  one  minute 

Na\'igation  is  not  only  dependent  on 
of  the  sun,  moon,  and  stars,  but  the  r 
of  the  motions  of  these  bodies  is  in\*olved.  j 
so  difficult  and  intricate  that  for  a  long  t 
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on  the  moon,  and  the  telescope  shows  that  its  surface  is 
covered  with  mountains  and  circular  depressions,  many  of 

great  size,  which  are  calleil  craters. 

The  earth  is  one  of  the  eight  planets  which  revolve  around  I 
the  sun  in  nearly  circular  orbits.  Three  of  them  are  smaller 
than  the  earth  and  four  are  larger.  The  smallest,  Mercury, 
has  a  volume  alx)ut  one  twentieth  that  of  the  earth,  and  the 
largest,  Jupiter,  has  a  volume  about  one  thousand  times  that 
of  the  earth.  The  great  sun,  whose  mass  ia  seven  hundred 
times  that  of  all  of  the  planets  combined,  holds  them  in  their 
orbits  and  lights  and  warms  them  with  its  abundant  rays. 
Those  nearest  the  sun  are  heated  much  more  than  the  earth, 
but  remote  Neptune  gets  only  one  nine-hundredth  as  much 
light  and  heat  per  unit  area  as  is  received  by  the  earth. 
Some  of  the  planets  have  no  moons  and  others  have  several. 
The  conditions  on  one  or  two  of  them  seem  to  be  perhaps 
favorable  for  the  development  of  life,  wliile  the  others  cer- 
tainly cannot  be  the  abode  of  such  life  as  flourishes  on  the 
earth. 

In  addition  to  the  planets,  over  eight  hundred  small 
planets,  or  planetoids,  and  a  great  number  of  comets  circu- 
late around  the  sun  in  obedience  to  the  ^ame  law  of  gravita- 
tion. The  orbits  of  nearly  all  the  small  planets  Ue  between 
the  orbits  of  Mars  and  Jupiter ;  the  orbits  of  the  comets  are 
generally  very  elongated  and  are  unrelated  to  the  other 
members  of  the  system.  The  phenomena  presented  by  the 
comets,  for  example  the  behavior  of  their  tails,  raise  many 
interesting  and  puzzling  questions. 

The  dominant  member  of  the  solar  system  is  the  sun. 
Its  volume  is  more  than  a  million  times  that  of  the  earth, 
its  temperature  is  far  higher  than  any  that  can  be  produced 
on  the  earth,  even  in  the  most  efficient  electrical  furnaces, 
and  its  surface  is  disturbed  by  the  most  violent  storms. 
Often  masses  of  this  highly  heated  material,  in  volumes 
greater  than  the  whole  earth,  move  along  or  spout  up  from 
its  surface  at  the  rate  of  several  hundreds  miles  a  minute. 
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Many  stars,  instead  of  being  single  isolated  masses,  like  1 
the  sun,  are  found  on  examination  with  highly  magnifying 
telescopes  to  consist  of  two  suns  revolving  around  their 
common  center  of  gravity.     In  most  cases  the  distances 
between  the  two  members  of  a  double  star  is  several  times 
as  great  as  the  distance  from  the  earth  to  the  sun.     The 
existence  of  double  stars  which  may  be  much  closer  together 
than  those  which  are  visible  through  telescopes  has  also 
been  shown  by  means  of  instruments  called  spectroscopes. 
It  has  been  found  that  a  considerable  fraction,  probably 
one  fourth,  of  all  the  nearer  stars  are  double  stars.     There   | 
are  also  triple  and  quadruple  stars;    and  in  some  cases  , 
thousands  of  suns,  all  invisible  to  the  unaided  eye,  occupy   i 
a  part  of  the  sky  apparently  smaller  than  the  moon.     Even 
in  such  cases  the  distances  between  the  stars  are  enoi 
and  such  clusters,  aa  they  are  called,  constitute  larger  and 
more  wonderful  aggregations  of  matter  than  any  one  ever 
dreamed    existed    before   they   were    revealed    by  modem 
instruments. 

While  the  sun  is  the  center  around  which  the  planets  and 
comets  revolve,  it  is  not  fixed  with  respect  to  the  other 
fitars.  Observations  with  both  the  telescope  and  the  spec- 
troscope prove  that  it  is  moving,  with  respect  to  the  brighter 
stars,  approximately  in  the  direction  of  the  brilliant  Vega 
in  the  constellation  Lyra.  It  is  found  by  use  of  the  spectro- 
scope that  the  rate  of  motion  is  about  400,000,000  miles 
per  ye^r.  The  other  stars  are  also  in  motion  with  an  average 
velocity  of  alwut  600,000,000  miles  per  year,  though  some  of 
them  move  much  more  slowly  than  this  and  some  of  them 
many  times  faster.  One  might  think  that  the  great  speed  of 
the  sun  would  in  a  century  or  two  so  change  its  relations  to 
the  stars  that  the  appearance  of  the  sky  would  be  entirely 
altered.  But  the  stars  are  so  remote  that  in  comparison  the 
distance  traveled  by  the  sun  in  a  year  is  negligible.  When 
those  who  built  the  pyramids  turned  their  eyes  to  the  sky 
at  night  they  saw  the  stars  grouped  in  constellations  almost 
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8.  Are  conclusions  in  astronomy  firmly  established,  as  they  are 
in  other  sciences  ? 

9.  In  what  fundamental  respects  do  scientific  laws  differ  from 
civil  laws  ? 

10.  What  advantages  may  be  derived  from  a  preliminary  outUne 
of  the  scope  of  astronomy  ?  Would  they  hold  in  the  case  of  a  sub- 
ject not  a  science  ? 

11.  What  questions  respecting  the  earth  are  properly  regarded 
as  belonging  to  astronomy?  To  what  other  sciences  do  they  re- 
spectively belong  ?  Is  there  any  science  which  has  no  common 
ground  with  some  other  science  ? 

12.  What  arts  are  used  in  astronomy?  Does  astronomy  con- 
tribute to  any  art  ? 

13.  What  references  to  astronomy  in  the  sacred  or  classical  litera- 
tures do  you  know  ? 

14.  Has  astronomy  exerted  any  influence  on  philosophy  and 
religion  ?    Have  they  modified  astronomy  ? 
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These  lines  are  resptctively  perpendicular  to  COi  and  COt. 
Therefore  the  angle  between  them  equals  the  angle  a.  That 
is,  the  distance  traveled  is  proportional  to  the  change  of 
direction  of  the  plane  of  the  horizon. 

The  plumb  lines  at  Oi  and  Oj  are  respectively  OiZi  and 
OiZt,  and  the  angle  between  these  lines  is  a.  Hence  the  dis- 
tance traveled  is  proportional  to  the  change  in  the  direction 
of  the  plumb  line. 

It  will  be  shown  now  that  if  the  surface  of  the  earth  were 
not  a  true  sphere  the  change  in  the  direction  of  the  plane  of 
the  horizon  would  not  be  proportional  to  the  distance  traveled 
jp,^  ^  on  the  surface.     Suppose 

Fig.  6  represents  a  plane 
section  through  the  non- 
spherical  earth  along 
whose  surface  the  ob- 
server travels.  Since  the 
earth  is  not  a  sphere,  the 
curvature  of  its  surface 
will  be  different  at  differ- 
ent places.  Suppose  that 
OiOi  is  one  of  the  flatter 
regions  and  O3O4  is  one 
of  the  more  convex  ones. 
In  the  neighljorhood  of  OiOi  the  direction  of  the  plumb  line 
changes  slowly,  while  in  the  neighborhood  of  OjOi  its  direc- 
tion changes  more  rapidly.  The  large  arc  OiOt  subtends  an 
angle  at  Ci  made  by  the  respective  perpendiculars  to  the 
surface  which  exactly  equals  the  angle  at  Cj  subtended  by 
the  smaller  arc  OaOj.  Therefore  in  this  case  the  change  in 
direction  of  the  plumb  line  is  not  proportional  to  the  dis- 
tance traveled,  for  the  same  angular  change  corresponds  to 
two  different  distances.  The  same  result  is  true  for  the 
plane  of  the  horizon  because  it  is  always  perpendicular  to 
the  plumb  line. 

Since  tbe  conditions  of  the  statement  would  be  satisfied 


Fia.  6.  —  If  the  earth  wore  not  eplieric 
equul  angles  would  be  subtended  by  ai 
of  differant  lengths. 
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in  case  the  earth  were  spherical,  and  only  in  case  it  were 
spherical,  the  next  question  is  what  the  observations  show. 
Except  for  irregularities  of  the  surface,  which  are  not  under 
consideration  here,  and  the  oblateness,  which  will  be  dis- 
cussed in  Art.  12,  the  oljservations  prove  absolutely  that  the 
change  in  direction  of  the  plumb  line  is  proportional  to  the 
arc  traversed. 

Two  practical  problems  are  involved  in  carrying  out  the 
proof  which  has  just  Iwen  described.  The  first  is  that  of 
measuring  the  distance  between  two  points  along  the  sur- 
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face  of  the  earth,  and  the  second  is  that  of  determining  the 
change  in  the  direction  of  tho  plumb  line.  The  first  is  a 
refined  problem  of  surveying ;  the  second  is  solved  by 
observations  of  the  stars. 

All  long  distances  on  the  surface  of  the  earth  are  deter- 
mined by  a  process  known  as  triangulation.  It  is  much 
more  convenient  than  direct  measurement  and  also  much 
more  accurate.  A  fairly  level  stretch  of  country,  At  and 
n  Fig.  7,  a  few  miles  long  is  selected,  and  the  distance 
between  the  two  points,  which  must  be  visible  from  each 
I  otber,   is   measured   with   the   greatest   possible   accuracy. 
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t,  from  the  fact  that  the  angles  are  measured  by  in- 
its  which  magnify  them.  The  fact  that  the  stations 
i  all  on  the  same  level,  and  the  curvature  of  the  earth, 
ace  little  difficultiea  in  the  computations  that  must 
efully  overcome. 

The  direction  of  tlie  plumb  line  at  the  station  Ai,  for 
■  example,  is  determined  by  noting  the  point  among  the  stars 
at  which  it  points.  The  plumb  line  at  Ai  will  point  to  a 
different  place  among  the  stars.  The  difference  in  the  two 
places  among  the  stars  gives  the  difference  in  the  directions 
of  the  plumb  lines  at  the  two  stations.  The  stars  apparently 
move  across  the  sky  from  east  to  west  during  the  night  and 
are  not  in  the  same  positions  at  the  same  time  of  the  day 
on  different  nights.  Hence,  there  are  here  also  certain  cir- 
cumstances to  which  careful  attention  must  be  given  in 
order  to  get  accurate  results. 

H.  Other  Proofs  of  the  Earth's  Sphericity.  —  There  are 
many  reasons  given  for  be!ie\-ing  that  the  earth  is  not  a 
plane,  and  that  it  is,  indeed,  some  sort  of  a  convex  figure; 
but  most  of  them  do  not  prove  that  it  is  actually  spherical. 
It  will  be  sufficient  to  mention  them. 

(a)  The  earth  has  been  circumnavigated,  but  so  far  as 
this  fact  alone  is  concerned  it  might  be  the  shape  of  a  cu- 
cumber. (6)  Vessels  disappear  below  the  horizon  hulls  first 
and  masts  last,  but  this  only  proves  the  convexity  of  the 
surface,  (c)  The  horizon  appears  to  be  a  circle  when  viewed 
from  an  elevation  above  the  surface  of  the  water.  This  is 
theoretically  good  but  observation  ally  it  is  not  very  exact. 
(d)  The  shadow  of  the  earth  on  the  moon  at  the  time  of  a 
lunar  eclipse  is  always  an  arc  of  a  circle,  but  this  proof  is 
very  inconclusive,  in  spite  of  the  fact  that  it  is  often  men- 
tioned, because  the  shadow  has  no  very  definite  edge  and 
its  radius  is  large  compared  to  that  of  the  moon. 

12,  Proof  of  the  Oblateoess  of  the  Earth  by  Arcs  of 
Latitude.  —  The  latitude  of  a  place  on  the  earth  is  deter- 
mined by  observations  of  the  direction  of  the  plumb  Une 
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with  respect  to  the  etars.  Thia  is  the  reason  that  a  sea  cap- 
tain refers  to  the  heavenly  bodies  in  order  to  find  hia  loca- 
tion on  the  ocean.  It  is  found  by  actual  observations  of  the 
stars  and  measurements  of  arcs  that  the  length  of  a  degree 
of  arc  is  longer  the  farther  it  is  from  the  earth's  equator. 
This  proves  that  the  earth  is  less  curved  at  the  poles  than 
it  is  at  the  equator,  A  body  which  is  thus  flattened  at  the 
poles  and  bulged  at  the  equator  is  called  oblate. 

In  order  to  see  that  in  the  case  of  an  oblate  body  a  degree 
of  latitude  is  longer  near  the  poles  than  it  is  at  the  equator, 
consider  Fig.  8.  In  this  figure  E  represents  a  plane  section 
of  the  body  through  its  poles. 
The  curvature  at  the  equator  is 
the  same  as  the  curvature  of  the 
circle  Ci,  and  a  degree  of  latitude 
on  E  at  its  equator  equals  a 
degree  of  latitude  on  Ci.  The 
curvature  of  E  at  its  pole  is  the 
same  as  the  curvature  of  the 
circle  Cj,  and  a  degree  of  lati- 
tude on  E  at  its  pole  equals  a 
The  length  of  a  dcgroo  degree  of  latitude  on  Cj.  Since 
C»  is  greater  than  C\,  a  degree 
of  latitude  near  the  pole  of  the 
oblate  body  is  greater  than  a  degree  of  latitude  near  ita 
equator. 

A  false  argument  is  sometimes  made  which  leads  to  the 
opposite  conclusion.  Lines  are  drawn  from  the  center  of 
the  oblate  body  dividing  the  quadrant  into  a  number  of 
equal  angles.  Then  it  is  observed  that  the  arc  intercepted 
between  the  two  lines  nearest  the  equator  is  longer  than 
that  intercepted  between  the  two  lines  nearest  the  pole. 
The  error  of  this  argument  lies  in  the  fact  that,  with  the 
exception  of  those  drawn  to  the  equator  and  poles,  these 
lines  are  not  perpendicular  to  the  surface.  Figure  9  shows 
an  oblate  body  with  a  number  of  lines  drawn  pem""''"'iular 
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I  to  ite  surface.     Instead  of  their  all  passing    through  the 

[  center  of  the  body,  they  are  tangent  to  the  curve  AB.     The 
line  AE  equals  the  radius 

'  of  a  circle  having  the 
flame   curvature   as    the 

I  oblate  body  at  E,  and 
BP  is  the  radius  of  the 
circle  having  the  curva- 
ture at  P. 

13.  Size  and  Shape 
of  the  Earth.  —  The  ^ize 
and  shape  of  the  earth 

I  can  both  be  determined 
from  measurements  of 
arcs.  If  the  earth  were 
epherical,  a  degree  of  arc 

would  have  the  same  length  everywhere  on  its  surface,  and 
its  circumference  would  be  360  times  the  length  of  one  de- 
gree. Since  the  earth  is  oblate,  the  matter  is  not  quite  so 
simple,  But  from  the  lengths  of  arcs  in  different  latitudes 
both  the  size  and  the  shape  of  the  earth  can  be  computed. 

It  is  sufficiently  accurate  for  ordinary  purposes  to  state 
that  the  diameter  of  the  earth  is  about  8000  miles,  and  that 
the  difference  between  the  equatorial  and  polar  diameters  is 
27  miles. 

The  dimensions  of  the  earth  have  been  computed  with 
great  accuracy  by  Hayford,  who  found  for  the  equatorial 
diameter  7926.57  miles,  and  for  the  polar  diameter  7899.98 
miles.     The  error  in  these  results  cannot  exceed  a  thousand 

_feet.     The  equatorial  circumference  is  24,901.7  miles,  and  the 

ih  of  one  degree  of  longitude  at  the  equator  is  69.17 

The  lengths  of  degrees  of  latitude  at  the  equator 

^and  at  the  poles  are  respnclivcly   68.71  and  69.40  miles. 
iThe  total  area  of  the  earth  is  almut  196,400,000  square  miles. 
The  volume  of  the  earth  is  equal  to  the  volume  of  a  sphere 
I^whose  radius  is  3958.9  miles. 
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14.  Newton's  Proof  of  the  Oblateness  of  the  Earth.  — 

The  first  proof  that  the  ejirth  is  oblate  was  due  to  Newtor. 
He  based  his  demonstration  on  the  laws  of  motion,  the  lair 
of  gravitation,  and  the  rotation  of  the  earth.  It  is  therefore 
much  more  complicated  than  that  depending  on  the  lengths 
of  degrees  of  latitude,  which  is  purely  geometrical.  It  has 
the  advantage,  however,  of  not  requiring  any  measurements 
of  arcs. 

Suppose  the  earth.  Fig.  10,  rotates  around  the  axis  PP'. 
Im.iginc  that  a  tube  filled  with  water  exists  reaching  from 
the  pole  P  to  the  center 
C,  and  then  to  the  sur- 
face on  the  equator  at  Q. 
The  water  in  this  tube 
exerts  a  pressure  toward 
the  center  because  of  the 
^'S  attraction  of  the  earth 
for  it.     Consider  a  unit 
volume  in  the  part  CP 
at  any  distance  D  from 
the  center ;  the  pressure 
it    exerts    toward    the 
Fig.  10.  —  Because  of  the  earth's  rntation  Center  equals  the  earth's 
around  Pi"  tho  .oiunm  CQ  must  l«  attraction  for  it  because 
longer  thnn  PC 

it  IS  subject  to  no  other 
forces.  Suppose  for  the  moment  that  the  earth  i.s  a  sphere, 
as  it  would  be  if  it  were  not  rotating  on  its  axis,  and  con- 
sider a  unit  volume  in  the  part  CQ  at  the  distance  D  from 
the  center.  Because  of  the  symmetry  of  the  sphere  it 
will  be  subject  to  an  attraction  equal  to  that  on  the  corre- 
sponding unit  in  CP.  But,  in  addition  to  the  earth's  at- 
traction, this  mass  of  water  is  subject  to  the  centrifugal  force 
due  to  the  earth's  rotation,  which  to  some  extent  counter- 
balances the  attraction.  Therefore,  the  pressure  it  exerts 
toward  the  center  is  less  than  that  eJierted  by  the  corre- 
sponding unit  in  CP.     If  the  earth  were  spherical,  all  units 
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in  the  two  columns  could  be  paired  in  this  way.  The  result 
would  be  that  the  pressure  exerted  by  PC  would  be  greater 
than  that  exerted  by  QC ;  but  such  a  condition  would  not 
be  one  of  equilibrium,  and  water  would  flow  out  of  the 
mouth  of  the  tuljc  from  the  center  to  the  equator.  In 
order  that  the  two  columns  of  water  shall  be  in  equiltbriiun 
the  equatorial  column  must  be  longer  than  the  polar, 

Newton  computed  the  amount  RQ  by  which  the  one  tube 
must  be  longer  than  the  other  in  order  that  for  a  body  hav- 
ing the  mass,  dimensions,  and  rate  of  rotation  of  the  earth, 
there  should  be  equilibrium.  This  gave  him  the  oblate- 
ness  of  the  earth.  In  spite  of  the  fact  that  his  data  were 
not  very  exact,  he  obtained  results  which  agree  very  well 
with  those  furnished  by  modem  measurements  of  arcs. 

The  objection  at  once  arises  that  the  tubes  did  not 
actually  exist  and  that  they  could  not  possibly  be  constructed, 
and  therefore  that  the  conclusion  was  as  insecure  as  those 
usually  are  which  rest  on  imaginary  conditions.  But  the 
fears  aroused  by  these  objections  are  dissipated  by  a  little 
more  consideration  of  the  subject.  It  is  not  necessary  that 
the  tubes  should  run  in  straight  lines  from  the  surface  to 
the  center  in  order  that  the  principle  should  apply.  They 
might  bend  in  any  manner  and  the  results  would  be  the  same, 
just  as  the  level  to  which  the  water  rises  in  the  spout  of  a 
teakettle  does  not  depend  on  its  shape.  Suppose  the  tubes 
we  deformed  into  a  single  one  connecting  P  and  Q  along 
the  surface  of  the  earth.  The  principles  still  hold ;  but  the 
ocean  connection  of  pole  and  equator  may  be  considered  as 
being  a  tube.  Hence  the  earth  must  be  oblate  or  the  ocean 
would  flow  from  the  poles  toward  the  equator. 

16.  Pendulum  Proof  of  the  Oblateness  of  the  Earth.  — 
It  seems  strange  at  first  that  the  shape  of  the  earth  can  be 
determined  by  means  of  the  pendulum.  Evidently  the 
method  cannot  rest  on  such  simple  geometrical  principles  as 
were  sufficient  in  using  the  lengths  of  arcs.  It  will  bo  found 
that  it  involves  the  laws  of  motion  and  the  law  of  gravitation. 
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The  time  of  oscillation  of  a  pendulum  depends  on  the  in- 
tensity of  the  force  acting  on  the  bob  and  on  the  distance 
from  the  point  of  support  to  the  bob.  It  ia  shown  in  ana- 
lytic mechanics  that  the  formula  for  a  complete  ascillation  is 

where  (  is  the  time,  t  =  3.1416,  I  is  the  length  of  the  pen- 
dulum, and  g  ia  the  resultant  acceleration '  proditced  by  all 
the  forces  to  which  the  pendulum  is  subject.  If  /  is  deter- 
mined by  measurement  and  (  is  found  by  observations,  the 
resultant  acceleration  is  given  by 

y        ^2 

Consequently,  the  pendulum  furnishes  a  means  of  finding 
the  gravity  g  at  any  place. 

In  order  to  treat  the  problem  of  determining  the  shape 
of  the  earth  from  a  knowledge  of  g  at  various  places  on  its 
surface,  suppose  first  that  it  is  a  homogeneous  sphere.  If 
this  were  its  shape,  its  attraction  would  be  equal  for  all  points 
on  its  surface.  But  the  gravity  g  would  not  be  the  same 
at  all  places,  because  it  is  the  resultant  of  the  earth's  attrac- 
tion and  the  centrifugal  acceleration  due  to  the  earth's 
rotation.  The  gravity  g  would  be  the  greatest  at  the  poles, 
where  there  is  no  centi'ifugal  acceleration,  and  least  at  the 
equator,  where  the  attraction  is  exactly  opposed  by  the 
centrifugal  acceleration.  Moreover,  the  value  of  g  would 
vary  from  the  poles  to  the  equator  in  a  perfectly  definite 
manner  which  could  easily  be  determined  from  theoretical 
considerations. 

Now  suppose  the  earth  is  oblate.  It  can  be  shown  mathe- 
matically that  the  attraction  of  an  oblate  body  for  a  particle 
at  its  pole  is  greater  than  that  of  a  sphere  of  equal  volume 
and  density  for  a  particle  on -its  surface,  and  that  at  its 
equator  the  attraction  is  less.     Therefore  at  the  pole,  where 


I 


there  is  no  centrifugal  acceleration,  g  is  greater  on  an  oblate 
body  than  it  is  on  an  equal  sphere.  On  the  other  hand,  at 
the  equator  g  is  less  on  the  oblate  body  than  on  the  sphere 
both  because  the  attraction  of  the  former  is  less,  and  also 
because  its  equator  is  farther  from  its  axis  so  that  the  cen- 
trifugal acceleration  is  greater.  That  is,  the  manner  in 
which  g  varies  from  pole  to  equator  depends  upon  the  oblaf  e- 
ness  of  the  earth,  and  it  can  be  computed  when  the  oblate- 
nese  is  given.  Conversely,  when  g  has  been  found  by  ex- 
periment, the  shape  of  the  earlh  can  be  computed. 

Very  extensive  determinations  of  g  by  means  of  the  pen- 
dulum, taken  in  connection  with  the  mathematical  theory, 
not  only  prove  that  the  earth  is  oblate,  but  ^ve  a  degree  of 
flattening  agreeing  closely  with  that  obtained  from  the 
measurement  of  arcs. 

The  question  arises  why  g  is  determined  by  means  of  the 
pendulum.  Its  variations  cannot  be  found  by  using  balance 
scales,  because  the  forces  on  both  the  body  to  be  weighed  and 
the  counter  weights  vary  in  the  same  proportion.  However, 
the  variations  in  g  can  be  determined  with  some  approxima- 
tion by  employing  the  spring  balance.  The  choice  between 
the  spring  balance  and  the  pendulum  is  to  be  settled  on  the 
basis  of  convenience  and  accuracy.  It  is  obvious  that  spring 
balances  are  very  convenient,  but  they  are  not  very  accurate. 
On  the  other  hand,  the  pendulum  is  capable  of  furnishing 
the  variation  of  g  with  almost  indefinite  precision  by  the 
period  in  which  it  vibrates.  Suppose  the  pendulum  is 
moved  from  one  place  to  another  where  g  differs  by  one 
hundred-thousandth  of  its  value.  This  small  difference  could 
not  be  detected  by  the  use  of  spring  balances,  however  many 
times  the  attempt  might  be  made.  It  follows  from  the 
formula  that  the  time  of  a  swing  of  the  pendulum  would  be 
changed  by  about  one  two-hundred-thousandth  of  its  value. 
If  the  time  of  a  complete  oscillation  were  a  second,  for  ex- 
ample, the  difference  could  not  be  detected  in  a  second ;  but 
the  deviation  for  the  following  second  would  be  equal  to 
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Of  the  two  oblate  spheroids  which  theory  shows  am  I 
figures  of  equilibrium  for  slow  rotation,  that  which  is  the  1 
more  nearly  spherical  is  stable,  while  the  other  is  unstable. 
That  is,  if  the  former  were  disturbed  a  little,  it  would 
retake  its  spheroidal  form,  while  if  the  latter  were  deformed 
a  little,  it  would  take  an  entirely  different  shape,  or  might 
even  break  all  to  pieces.  In  spite  of  the  fact  that  the  earth 
is  neither  a  fluid  nor  homogeneous,  its  shape  is  almost 
exactly  that  of  the  more  nearly  spherical  oblate  spheroid 
corresponding  to  its  density  and  rate  of  rotation.  This  fact 
might  tempt  one  to  the  conclusion  that  it  was  formerly  in  a 
fluid  state.  But  this  conclusion  is  not  necessarily  sound, 
because,  in  such  an  enormous  body,  the  strains  which  would 
result  from  appreciable  departure  from  the  figure  of  equi- 
librium would  be  so  great  that  they  could  not  be  withstood 
by  the  strongest  material  known.  Besides  this,  if  the  con- 
ditions for  equilibriura  were  not  exactly  satisfied  by  the 
solid  parts  of  the  earth,  the  water  and  atmosphere  would 
move  and  make  compensation. 

The  sun,  moon,  and  planets  are  bodies  whose  forms  can 
likewise  be  compared  with  the  results  furnished  by  theory. 
Their  figures  agree  closely  with  the  theoretical  forms.  The 
only  appreciable  disagreements  are  in  the  case  of  Jupiter 
and  Saturn,  both  of  which  are  more  nearly  spherical  than 
the  corresponding  homogeneous  bodies  would  be.  The 
reason  for  this  is  that  these  planets  are  very  rare  in  their 
outer  parts  and  relatively  dense  at  their  centers.  It  is 
probable  that  they  are  even  more  stable  than  the  correspond- 
ing homogeneous  figures. 

17.  Different  Kinds  of  Latitude.  —  It  was  seen  in  Art. 
12  that  perpendiculars  to  the  water-level  surface  of  the 
earth,  except  on  the  equator  and  at  the  poles,  do  not  pass 
through  the  center  of  the  earth.  This  leads  to  the  defini- 
tion of  different  kinds  of  latitude. 

The  geometrically  simplest  latitude  is  that  defined  by  a 
line  from  the  center  of  the  earth  to  the  point  on  its  surface 
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v(u-Ht.-<>f  *mi  'iii-y  linaUy  a|(re«<I  wttli  th«  conclusion  of  New- 
»vti.  IThfy  L'MVHiivv!  the  hit  that  Picard  bad  started  from 
feiK-  t*>ivi«jw-  i»>  Ihiukiri,  an  angular  distance  of  9°,  The 
rwuiltfi.  w«jw  piiMjsht-rl  in  1720.  They  sent  an  expedition  to 
fWu,  i>u  tJw  i-ni;.itiir.  it)  1735,  under  Bouguer,  Condaraine, 
!UKi  t-Iodtii.  1*>  1745  tbne  men  had  measured  an  arc  of  3°. 
Ill  thv'  tiMNUiliiiio  Ml  expi  ""  '  '  apland,  near  the  Arctic 
vsivU'.   hiiJ  un*w«irv»l  M  On  comparing  these 

itK^HSuivt'ttiut--^  I'    w».4  fo  degree  of  latitude  ia 

Ki\\ti<H  iho  fhtihfi  n  is  fr  uator. 

lu  iht'  Ih»I  vviiUiry  aJl  mcipal  governments  of  the 

*vyUi  h«w  wiriKxl  out  vc  ivc  and  accurate  surveys 

,<  vtK'd  ^^l«lw^vM^.>^sl.     Tb*  nave  not  only  triangulated 

vhs-  tti«U'>^  ta^'-^  t'til  they  rHiif  tkme  an  enormous  amount  of 
»vM*i,  u.  Vttvh*.  ■•■'■.i  Vi'u':».  The  roiisl  ^.ru!  f  icodi'lic  8urvcy 
lU  vtK'  VwW  !^lw  has  triangulated  with  unsurpassed  pre- 
vtvvvt  *  t*v*»  ¥***  ^  '^  country.  They  have  run  a  level 
iiwtt  vhv  VrtMfcMw  VV"««>  to  the  Pacific.  The  names  most 
v^Ktt  v,-Mvv»«*'»«»4  S*  this  i-onneetion  are  Clarke  of  England, 
H«,<>"v<v  -H  tt!]#««#»i*,v.  »u»,i  Haj-tord  of  the  United  States. 
llt^^vKsvl  W.  V*JW«  «*►  »"  »i'**  first  thrown  out  by  the  Eng- 
W»  J'  \\H»»wW*  *»'bk  iWir  work  in  India  along  the  borders 
^M  vV  IjtH***!^*  XfcwMtlifcUv*.  and  by  using  an  enormous 
)VMv\"t»  s«l  -^«KV»!**W<»1  '.bits  and  making  appalling  com- 
ym>.%  ,;,<*.v  V^l»^»wt  ^  v>«  «  firm  basis.  The  observations 
yt  V*v**  »('K'*SsI«  W***  *w*«  the  Himalaya  Mountains  the 
y«s*>  «H  A  ■*v'*(  V-  'JC**  **■ «  W  »»der  the  plains  to  the  south. 
«.V\".vv*  Vv.  I^\*A  Vlh!*  '**  (wrroponding  thing  is  true  in 
VV  V  ■'^^v  ^*;iNH  •*\'#*  W  *W  viwe  of  very  moderate  eleva- 
Vt^vw  *^*,i.  si*(^«<«**W  Xlwwvfr,  deficiency  in  density 
HHvtvM  >V  A^X'WAfi'i'W******  «"«"«•'  to  o*^^*  the  eleva- 
in*.x  V  *V-^1  *W  *^  ***^  ^"^  ****  material  along  every 
i«a*H<  ftv«  *W  v«.*NS-  V*  *l»  *<«r*J»  to  its  center  is  almost 
^yt*  Uv  ^W  ^(W-  '''^  '»l»*«y  i»  known  as  the  theory  of 
k^«uyv>  *Wt  »WW»M  **«**  *•  »»  i"  '^°«*  P^'"f«<='  '^°- 
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II,  QUESTIONS 

1.  In  order  to  prove  the  spheriraty  of  the  earth  by  measurement 
of  arciB.  would  it  be  sufBcient  to  measure  only  along  meridians? 
(Consider  the  aaohor  ring.) 

2.  Do  the  errors  ia  Iri angulation  accumulate  with  the  length  of 
the  distance  measured  ?  Do  the  errors  in  the  astronomical  deter- 
minattou  of  the  angular  length  of  the  are  increase  with  its  length  7 

3.  How  a«'?ui'alely  must  a  base  line  of  five  miles  be  measured  in 
order  that  it  may  not  iutroduoo  an  error  in  the  determination  of  the 
earth's  oiroumference  of  more  than  1000  feet? 

4.  Whioh  of  the  reasons  given  in  Art,  11  actually  prove  quanti- 
tatively that  the  earth  is  spherical?  What  other  reasons  are  there 
(or  believing  it  is  spheri<!al? 

5.  The  aeceleratiou  g  in  mid-latitudes  is  about  32.2  feet  per 
seaond:  how  long  would  a  pendulum  have  to  be  to  swing  in  1,2,3,4 
seconds? 

6.  Draw  to  soale  a  meridian  section  of  a  figure  having  the  earth's 
oblateness. 

7.  Newton  s  proof  of  the  earth's  oblateness  depends  on  the 
knowledge  that  the  earth  rotates;  what  proofs  of  it  do  not  depend 
upon  this  knowledge  ? 

S.  Suppose  time  can  be  measured  with  an  error  not  exoeedinK 
one  tenth  of  a  second ;  how  aocurat«ly  can  g  be  determined  by  the 
pendulum  in  10  days  ? 

9.  Suppose  the  solid  part  of  the  earth  were  spherioal  and  per- 
fectly rigid ;  what  would  be  the  distribution  of  land  and  water  over 
the  surface '! 

10.  Is  the  astronomical  latitude  greater  than,  or  equal  to,  th» 
geocentric  latitude  for  all  points  on  the  earth's  surface? 

11.  What  distance  on  the  earth's  surface  corresponds  to  a  degree 
of  arc,  a  minute  of  arc.  a  second  of  arc? 

12.  Which  of  the  proofs  of  the  earth's  sphericity  depend  upon 
modern  discoveries  and  measurements? 


II.  The  Mass  of  the  Earth  and  the  Condition  of 
ITS  Interior 
19.  The  Principle  by  which  Mass  is  Determined.  —  It  ia 
important  to  uiiderBtftnd  cieurly  the  principles  which  are  at 
the  foundation  of  any  wubject  in  whicli  one  may  be  interested, 
and  tUs  applies  in  the  present  problem.  The  ordinary 
method  of  determining  the  mass  of  a  body  is  to  weigh  it. 
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20.  The  Mass  and  Density  of  the  Earth.  —  By  applica- 
tions {Arts.  21,  22)  of  the  prinnplc  in  Art.  19  the  mass  of 
tie  earth  has  been  found.  If  it  were  weighed  a  small 
quantity  at  a  time  at  the  surface,  its  total  weight  in  tons 
irould    be   6  X  10",   or   6   followed    by   21    ciphers.     This 

lakes  no  appeal  to  the  imagination  because  the  numbers  . 
are  so  extremely  far  beyond  all  experience.  A  much  better 
method  18  to  ^ve  its  density,  which  is  obtained  by  divid- 
ing its  mass  by  its  volume.  With  water  at  its  greatest 
density  as  a  standard,  the  average  density  of  the  earth 
is  5.53. 

The  average  density  of  the  earth  to  the  depth  of  a  mile 
or  two  is  in  the  neighborhood  of  2.75.  Therefore  there  are 
much  denser  materials  in  the  earth's  interior;  their  greater 
density  may  be  due  either  to  their  composition  or  to  the 
great  pressure  to  which  they  are  subject.  The  density  of 
quartz  (sand)  is  2.75,  limestone  3.2,  cast  iron  7.1,  steel  7.8, 
lead  11.3,  mercury  13.6,  gold  19.3,  and  platinum  21.5.  It 
follows  that  no  considerable  part,  of  the  earth  can  be  com- 
posed of  such  heavy  substances  on  mercury,  gold,  and  plati- 
jiuni,  but,  8o  far  as  these  considerations  bear  on  the  queation, 
|it  might  be  largely  iron. 

The  distribution  of  density  in  the  earth  was  worked  out 
over  100  years  ago  by  Laplace  on  the  basis  of  a  certain  as- 
sumption regarding  the  compressibility  of  the  matter  of 
which  it  is  composed.  The  results  of  this  computation 
have  been  compared  with  all  the  phenomena  on  which  the 
disposition  of  the  mass  of  the  earth  has  an  influence,  and  the 
results  have  been  very  satisfactory.  Hence,  it  is  supposed 
that  this  law  represents  approximately  the  way  the  density 
of  the  earth  increases  from  its  surface  to  its  center.  Accord- 
ing to  this  law,  taking  the  density  of  the  surface  as  2.72, 

le  densities  at  depths  of  1000,  2000,  3000  miles,  and  the 
iter  of  the  earth  are  respectively  5.62,  8.30,  10.19,  10.87. 
h't  no  depth  is  the  average  dendty  so  great  as  that  of  the 
,vier  metals. 


*V  U.  cxmuected  by  a  rod  which 


;^  ^^**V*;  ^>' M«»rt,  fiber  0^ 

^^  i*V  v^l  ^V«4l  JO^U   that   fh^  1  ^-     ^^ 
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The  next  problem  is  to  determine  from  the  deflection  i 
■Irliich  the  targe  balls  have  produced  how  great  the  forci?  ia 
■vhich  they  have  exerted.     This  would  be  a  simple  matter  if  ' 

t  were  known  how  much  resistance  the  quartz  fiber  offera 
^to  twisting,  but  the  resistance  ia  so  exceedingly  smull  that  ] 
it  cannot  be  directly  determined.     However,  it  can  be  found   , 
by  a  very  interesting  indirect  method. 

Suppose  the  large  balls  are  removed  and  that  the  rod 
connecting  the  small  balls  is  twisted  a  Uttle  out  of  its  posi- 
tion of  equilibrium.  It  will  then  turn  back  because  of  the 
resistance  offered  to  twisting  by  the  quartz  fiber,  and  will 
rotate  past  the  position  of  equilibrium  almost  aa  far  as  it 
was  originally  displaced  in  the  opjwsite  direction.  Then 
it  will  return  and  vibrate  back  and  forth  until  friction  de- 
stroys its  motion.  It  is  evident  that  the  characteristics  of 
the  ostriilations  are  much  like  those  of  a  vibrating  pendulum. 
The  formula  connecting  the  various  quantities  involved  is 

[where  (  is  the  time  of  a  complete  oscillation  of   the  rod 
I  joining  b  and  b,  I  ia  the  distance  from  A  to  b,  and  /  is  the 
sistance  of  torsion.     This  equation  differs  from  that  for 
I'tiie  pendulum.  Art.  15,  only  in  that  g  has  lieen  replaced  by  /. 
bNow  I  is  measured,  I  ia  observed,  and /is  computed  from  the 
I  equation  with  great  exactness  however  small  it  may  be. 
Now  that  /  and  g  are  known  it  is  easy  to  compute  the 
mass  of  the  earth  by  means  of  the  law  of  gravitation  (Art. 
146).     Let  E  repreaent  the  mass  of  the  earth,  R  its  radius, 
2  B  the  mass  of  the  two  large  balls,  and  r  the  distances  from 
£B  to  66  respectively.     Then,  since  gravitation  is  propor- 
ktional  to  the  attracting  mass  and  inversely  as  the  square  of 
'  B  distance  from  the  attracted  boiiy,  it  follows  that 
_^  2B  _ 
«'■  r'        "■■'■ 
1  this  proportion  the  only  unknown  is  E,  which  can  there- 
E  be  computed. 
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of  the  Earth  by  the 
■leristic  of  the  torsion 
Aod  adapted  to  measuring 
mfttr  of  the  mountain  method 
m  <B^>lu3'ed,  and  the  forces  are 
the  balls  BB  are  brought 
^  |A«  ^fMMta  fiber  and  are  removed 
^i0Hk  W  Mored,  and  the  advantage 
^  ^  feMrt  pAith-  counterbalanced  by 
for  moving  the  attracting 
body  (in  this  cose 
the  mountain)  is 
obviated  in  a  very 
inRenioui?  manner. 

For  simplicity  let 
the  oblateness  of 
the  earth  be  neg- 
lected in  explaining 
the  mountain 
method.  In  Fig. 
15,  C  is  the  center 
of  the  earth,  Af  is 
the  mountain,  and 
Oi  and  Oa  are  two 
stations  on  opposite 
sides  of  the  moun- 
tain at  which  plumb 
lines  are  suspended. 
If  it  were  not  for 
•  theattractiouof  the 

tM  ^Msf  11'  the  directions  0,C  and  0^0. 
,  *<««>  Knf*  at  ^  rf^P^n^^  "P°°  ^■^^  distance 
iVvwlOt.  The  distance  between  these 
'I*  thcv  are  on  opposite  sides  of  the  moun- 
r^l  hvtriangulation.  Then,  since  the  snt 
.^^  (be  a«i!le  »t  C  can  be  computed. 
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But  the' attraction  of  the  mountain  for  the  plumb  bobs 
causes  the  plumb  lines  to  hang  in  the  directions  0\A  and 
OiA.  The  directions  of  these  lines  with  respect  to  the  stars 
can  easily  be  determined  by  observations,  and  the  difference 
in  their  directions  as  thus  determined  is  the  angle  at  A. 

\Vhat  is  desired  is  the  deflections  of  the  plumb  tine  pro- 
duced by  the  attractions  of  the  mountain.  It  follows  from 
elementary  geometry  that  the  sum  of  the  two  small  deflec- 
tions COiA  and  COiA  equals  the  angle  A  minus  the  angle 
C,  Suppose,  for  simplicily,  that  the  mountain  is  sym- 
metrical and  that  the  deflections  are  cciual.  Then  each  one 
equals  one  half  the  difference  of  the  angles  A  and  C.  There- 
fore the  desired  quantities  have  been  found. 

When  the  deflection  has  been  found  it  is  easy  to  obtain 
the  relation  of  the  force  exerted  by  the  mountain  to  that 
due  to  the  earth.     Let  Fig.  16  represent  the  ^ 

plumb  hne  on  a  large  scale.  If  it  were  not 
for  the  mountain  it  would  hang  in  the  dirfc- 
tion  OiSi ;  it  actually  hangs  in  the  direction 
OiB\.  The  earth's  attraction  is  in  the  direc- 
tion OiBi,  and  that  of  the  mountain  is  in  the 
direction  BiB'i.  The  two  forces  are  in  the 
same  ratio  as  OiBi  is  to  BiB'i,  for,  by  the  law 
of  the  composition  of  forces,  only  then  would 
the  plumb  line  hang  in  the  direction  0\B\. 

The  problem  of  finding  the  mass  of  the  earth  compared 
to  that  of  the  mountain  now  proceeds  just  like  that  of  find- 
ing the  mass  of  the  earth  compared  to  the  balls  BB  in  the 
torsion-balance  method.     The  mountain  plays  the  rdle  of 
the   large  balls.     A   mountain   5000   feet   high   and   broad 
would  cause  nearly  800  times  as  much  deflection  as  that 
produced  by  an  iron  ball  a  foot  in  diameter.     The  advantage 
of  the  large  deflection  is  offset  by  not  having  very  accurate 
I  'means  of  measuring  it,  and  also  by  the  fact  that  it  is  neces- 
1  «ary  to  determine  the  mass  of  a  more  or  less  irregular  shaped 
[  mountain  made  up  of  materials  which  may  lack  much  of 


Fio.  10.  —  The 
deQectioa  of  a 
plumb  line. 
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22.  Determination  of  the  Density  of  the  ] 
Mountain  Method.  —  The  tharacteristit;  of 
.  balancf  is  that  it  is  very  delicate  and  adapted  ' 
fcrj-  .<mall  forces' ;  the  characteristic  of  the  moot 
is  that  a  very  large  mass  ia  employed,  and  1 
larger.  In  the  torsion  balance  the  balb  BB^ 
near  those  suspended  by  the  quartz  fiber  and' 
at  nill.  A  mountain  cannot  be  moved,  and  ti 
of  u^ng  a  large  mass  is  at  least  partly  counte 
this  disadvantage.  The  necessity  for  DU}\incl 
body 
the 
obvi^ 


Ft*    1^  —  TW  nountsia  mrtk^  nt  tlcMTTiiiwBC    j, 
II. 

mountaiu  ibey  v[\>uld  hang  in  thv  vtire«tit' 
Til*  aiMcl*'  b»-t»rt^  »h«sc  Kiu^  at  ('  di*(i«Klft 
Wtwrm  thf  slaliwis  ( ),  .■ukI  <  h.    The 

tun.  ftin  tv  .il«aim\l  by  tri.-in|MtMtM 
of  ih<-  wmh  is  kiK-wn.  tho  *M«t"f  »t  < 
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being  unifori' 
method  Wfts 

23.  Detcm:. 
Pendulum  Mt 
penduluiii  In 
the  fom-  Mi  . 
in  usiti^r  n  i  ■ 
indefiii  i  t  ■  ■  I  ■ 
in  the  iir  1 1 

Supp.'  ■ 
earth  w.  !■ 
rateJy  •'•  ' 

place    ll<;l 

issu!);-  !■■ 
penduli.i  ■ 
the  0  7ii 
dimiiii-i" 
cause  I'.'.. 
positioB 
lum  will 
factor 
wiU 
this 


.^^^^tiy  300  tons, 
^  feiv^-  ih^  pressure 
^^,„^^  ^  Bioro  refined 
^^f^^m-^  B  at  the  earth's 
_  ^^  Arpths  depends 
^.^IB.  Od  the  basis 
^«  aRibably  is  a  good 
.^^r  tcT  square  inch  at 
^  ^Mc  the  atmospheric 

-  snases  the  boiling 

.      ^ih  by  experiment 

■^^  of  eoUds.     There- 

.-« iC  moderate  depths 

-  Uiat  its  interior  is 

,  ,;urstion  cannot  be 

.   -j,iT.  ihere  is  no  very 

>.r;itiiro,  and,  in  the 

,-c  experiments  at  such 

srveral  methods  of 

_v^  and  through,  and 

Sptidty  of  the  Earth  by 
^  a.'"'ral  lilies  of  attaek 
j^ic  <rf  the  rigidity  of  the 
K^ie  jjenerated  in  the  earth 
bj  satisfactory ;  and  of  the 
I  iii  Jlichelson  and  carried 
«  WIS,  has  given  by  far 
jl  has  eetlled  one  very 
NT  wfthod  has  been  able 
pliiirhly  elaefie  instead  of 
tlie  work  of  Miclielson 

a  solid  and  a  hquid  is 
to  deforming  forces  while 
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the  latter  does  not.  If  a  perfect  solid  existed,  no  force  what- 
ever could  deform  it ;  if  a  perfect  liquid  existed,  the  only  re- 
sistance it  would  offer  to  deformation  would  be  the  inei-t.ia 
of  Ihe  parts  moved.  Neither  perfect  solids  nor  absolutely 
I)erfect  liquids  are  known.  If  a  solid  body  has  the  property 
(if  l>eing  deformed  more  and  more  by  a  continually  applied 
force,  and  if,  on  the  application  of  the  force  being  discon- 
tinued, the  body  not  only  does  not  retake  its  original  form 
but  does  not  even  tend  toward  it,  then  it  is  said  to  be  mcous. 
Putty  is  a  good  example  of  a  material  that  is  viscous.  On 
the  other  hand,  if  on  the  application  of  a  continuous  force 
the  body  is  deformed  to  a  certain  extent  beyond  which  it 
does  not  go,  and  if,  on  (he  removal  of  the  force,  it  returns 
absolutely  to  its  original  condition,  it  is  said  to  be  elastic. 
While  there  are  no  solid  bodies  which  are  either  perfectly 
viscous  or  perfectly  elastic,  the  distinction  is  a  clear  and 
important  one,  and  the  charftctcristice  of  a  solid  may  be 
described  by  stating  how  far  it  approaches  one  or  the  other 
of  these  ideal  states. 

In  order  to  find  how  the  earth  is  deformed  by  forces  it  is 
necessary  to  consider  what  forces  there  are  acting  on  it. 
The  most  obvious  ones  are  the  attractions  of  the  sun  and 
moon.  But  it  is  not  clear  in  the  first  place  that  these  at- 
tractions tend  to  deform  the  earth,  and  in  the  second  place 
that,  even  if  they  have  such  a  tendency,  the  result  is  at 
lUl  appreciable.  A  ball  of  iron  attracted  by  a  magnet  is  not 
sensibly  deformed,  and  it  seems  that  the  earth  should  be- 
have similarly.  But  the  earth  is  so  large  that  one's  intui- 
tions utterly  fail  in  such  considerations.  The  sun  and 
moon  actually  do  tend  to  alter  the  shape  of  the  earth,  and 
the  amount  of  its  deformation  due  to  their  attractions  is 
measurable.  The  forces  are  precisely  those  that  produce 
the  tides  in  the  ocean. 

It  will  be  sufficient  at  present  to  give  a  rough  idea,  cor- 
rect so  far  as  it  goes,  of  the  reason  that  the  moon  and  sun 
raise  tides  in  the  earth,  reserving  for  Arts.  263,  264  a  more 


52 


AN    INTRODUCTION 


\ liiBWtfiirr  |CH.  11,25 

1  Rt  1*  IH  B  rpp. 
.  V  dbvrtioti  towitrd 
—  te  liw  from  E  to 
TW  moun  is  4(100 
yMmiloH  nctirtT  to 
~^if^a  of  flic  moon  for 


v)iyS^ 


it)> 


inch  at  the  depth  of  lnn    , 
and  at  1000  mili-s  it  i^- 
is  not  strictly  proporliiyn 
means  must  be  emptoyfil  ■ 
center.     Moreover,  tlic   i 
upon  the  distribution  ot   i 
of  the  Laplacian  law  of  diTiM 
approximation  to  the.  trutli, 
tlie  center  of  the  earth  if 
pressure  at  the  earth's  .fiii 

It  is  a  famihar  fa^-l    i ' 
points  of  liquids.     It  h;t^ 
that  pressure  increases  tl 
fore,  in  view  of  the  enoi;. 
in  the  earth,  it  is  not  s;ii 
molten  without  further  f 
answered  directly  becnuse, 
exact  means  of  determining  tl) 
second  place,  it  is  not  pos.'^ilili 
high  pressures.     There  arc, 
proving  that  the  earth  Is  soUii 
they  will  now  bv  (■0Tisi.iiTi'<I.  ^  _ 

26.  Proof  of  the  Rigidity  '"l*i***j  Ajj  it  is  for  ohp  at 
the  Tide  Experiment.  —  Anionj;  •  '  .  -^  jhe  moon  is  240,000 
that  have  been  made  on  the  qm  -  '  jjt  fifty-nine  sixtieths 
earth,  the  one  depending  on  the  .-■  -  ..aeliOii  Vftries  inversely 
by  the  moon  and  sun  has  been  m-**  ■*  .^  on  A  is  about  one 
methods  of  this  class,  that  devf;^'  "  -  -  j:*.«>r"'n  Kot.ur,Dn 
out  in  collaboration  with  G^,,  - 
the  most  exact  results.  Beaid(U> 
important  question,  which  no  oli^ 
to  answer,  namely,  that  the  earth 
being  viscous.  For  these  Tea8u> 
and  Gale  will  be  treated  Qrete 

The  important  difference  tMVW> 
that  the  former  offers  resistflUb 


Mtth  produced  by 


^i,Bfer»unitmassat  E. 


the  difference  between 

l-illractioi"  of  the  raoon 
ir/itls  to  pull  the  nearer 
,  ,f  thfi  earth  E,  and  the 
^^nuiioteiimterial  at  B. 
^^tilc  to  compute  the 
fit  vni^  f^  perfect  fluid. 
•^  liulgee,  at  A  and  B. 
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I  lines  shown  in  Pig.  17  are  the  lines  of  equa' 

A  ntber  difficult  mathematical  discussion  shows 

)  ndii  EA  and  EB  would  each  be  lengthened  by 

V  four  feet.     Since  the  earth  possesses  at  least  some 

•  of  rigidity  its  actual  tidal  elongation  is  somewhat  le»B 

k  four  feet.    When  it  is  remembered  that  the  uncertainty 

B  diameter  of  the  earth,  in  spite  of  the  many  ynarH  that 

Q  devoted  to  determining  it,  instill  several  hundred 

( the  problem  of  finding  how  much  the  carth'H  clonga- 

nce  of  the  rapidly  changing  tidal  forces, 

b  short  of  four  feet  seems  altogether  hnpclcHS  of  Mjlution. 

■  the  problem  has  been  solvcil. 

■  Suppose  a  pipe  half  filled  with  water  is  fastened  in  a  hori- 

i  positioa  to  the  surface  of  the  earth.    The  water  in  the 

■  is  subject  to  the  attraction  of  the  moon.     To  fix  the 

^  Buppoee  the  pipe  lies  in  the  ciist-anil-west  direction 

e  latitude  as  the  point  A,  Fig.  17.    Suppom;,  first, 

I  Hie  earth  is  absolutely  rigid  so  that  it  is  not  deformed 

B  tnoon,  and  consider  what  happens  to  the  water  in  the 

kB  the  rotation  of  the  earth  carrier  it  past  the  point  A . 

t  the  pipe  is  to  the  west  of   A  the  water  ri.'ieM  in  its 

t  rastem  end,  and  settles  correfipondingly  in  its  western  end, 

^Decauae  the  moon  tends  to  mak<;  an  elevatioa  on  the  earth 

When  the  pipe  is  carried  past  A  to  the  eaj-t  (he  water 

a  its  western  end  and  nettles  in  ils  eastern  end.     Since 

I  earth  is  not  absolutely  rigid  the  magnitudes  of  the  tidi-s 

r  tbe  faypotbesie  that  it  U  rigid  cannot  tx;  experinicn* 

f  detennined;  but,  since  all  the  Tories  that  are  invo]ve<l 

I,  tbe  heights  the  tides  would  be  on  a  rigid  earth 

can  be  eomputed. 

SuppoBB  now  that  the  earth  yields  perfectly  to  the  di.-'turl>- 
ing  fwoei  of  the  moon.  Its  surface  is  in  tills  cum-  always 
the  enut  figure  of  equilibrium.  Consider  the  pipe,  which 
is  attadied  to  this  surface,  when  it  is  to  the  we.st  of  A.  The 
water  would  be  high  in  its  caiftern  end  if  the  shape  of  the 
surface  of  the  earth  were  unchanged.    But  the  surface  to 


L- 

«  unit  mas.  at  ^  i,  „„,„ 
S^ce  the  di«a„«  f„,„  „, 
ofitsdiatanccfrom^;      p;, 
thirtieth  greater  than  ,ha,  ,„ 

Jt  followfi  frnm  .1.-        •    .- 


Now  suppose  the  water  rises ; 
:i(  from  S,  the  ohatiKe  in  thpir 


|M-r 


■  Invited  nature     the  Mii-liclHon-Uuic  tide 

|. minted  out.      «i*ri"«..t, 

.  -  .1  iind  B,  Fig.  17,  which  give  an  idea 

.  I  hi',  water  in  the  pipes.   For  simplicity, 

I  tlif  cast-and-weat  pipe,  which  in  the  ex- 

Kml  13"  nort)i  of  the  highest  latitude  A  ever 

LAt.ing  earth  cftiricd  it  daily  across  the  merid- 

h  a!  A,  and  similarly  across  the  meridian 

a  rohitioiis  were  as  represented  in  the  dia- 

y  considerable  tides  in  the  pipe  before  and 

e  meridian  at  A  because  it  was,  so  to  speak, 

On  the  other  hand,  when  it  crossed 

i  about  12  hours  later,  the  tides  were  very 

!  bulge  B  was  far  south  of  the  equator. 

B  not  all  the  time  north  of  the  plane  of  the 

Once  each  month  it  was  28°  north  and 

li  month  28"  south,  and  it  varied  from  hour  to  hour 

iIrt  irregular  manner.     Moreover,  its  distance,  on 

h'-  inagnitudesof  the  tidal  forces  depend,  also  changed 

"'■"iitinuoualy.    Then  add  to  all  these  complexities  the  cor- 

**»vB[iondmg  onea  due  to  the  sun,  which  arc  unrelated  to  those 

'  nf  the  moOD,  and  which  mix  up  with  them  and  make  the 

[jheDMOena  BtOl  more  involved.     Finally,  consider  the  norlh- 

and-south  pipe  and  notice,  by  the  help  of  Fig.  17,  that  it» 

lidcfl  are  altogether  distinct  in  character  from  those  in  the 
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it  of  it  is  elevated  and  the  pipe  is  raised  with 
over,  the  elevation  of  the  surface  is,  under 
hj-pothesis,  just  that  necessary  for  equilibrium, 
in  this  case  there  is  no  tide  at  all  with  respect  tO' 

The  actual  earth  is  neither  absolutely  rigii 
fluid.     Consequently  the  tides  in  the  pipe  will' 
neither  their  theoretical  maximum  nor  zero, 
by  which  they  fall  short  of  the  value  they  wouldl 
earth  were  perfectly  rigid  depends  upon  the 
it  jnelda  to  the  moon's  forces,  and  is  a  measure 
ing.    Therefore  the  problem  of  finding  how  mi 
i&  deforme<l  !ij-  the  moon  is  reduced  to  cnmpul 
the  tides  iii  the  pipe  would  be  if  the  earth 
ri^d,  and  then  comparing  these  results  with  t1 
in  the  pipe  as  determined  by  direct  expcrimeni 
amount  the  earth  j-ields  has  been  determined 
its  rigidity  can  be  found  by  the  theor>-  of  the 
of  solid  boiiies. 

In  the  esperiment  of  Michelson  and  Gale  tivi 
used,  one  lying  in  the  plane  of  the  meridian 
the  east -aiut -west   direction.     In  order  to 
from  vibrations  due  to  trains  and  heaiTi' 
placed  on  the  grounds  of  the  Yerkes  01 
a\"oid  \"ariations  in  temperature  they  were 
of  feet  in  the  ground.     Since  the  tidal  forces 
pipes  500  ftvt  long  were  used,  and  e\-en  then 
tides  mrr  only  about  two  thousandlhs  of  an 

An  ingeiiii'ii^  method  of  measuring  tl 
le\Tl  «-as  d.\i^Hl.  The  ends  of  the  pipes 
plane  glass  windows  through  which  their 
viewed,  Shan*  ("ointei^  fastened  to  the 
just  untler  the  surface  of  the  water  near  the 
viewiM  fn«:;  Ivlow  tlie  h>vel  of  the  wat«  tl 
rvfleelrtl  iiu,4i;o  could  be  s«>n.  Kjpire  IS 
one  of  the  pipes.  S  is  the  surfsw  of  the  wate 
and  P'  is  it*  n>flwl«.\i  imagv.    The  distai 


do«iT 

/  ^  Ike  li<k«  in  *]>« 
\rf  a  «»u»  lide  in  the 
,„t|,  the  oiiamd  a>l 
,  whmme.  Oa  the  O^" 
ibei_ 

Hi 

,,^|Uih»,l>«llie«b>n^ 
pfsWle  iBIemte  m  tke 

lOoKidai-    Th««  !«"•<• 

,dl,o<  the  e-tl^  <•'«»•• 

,urtcJ«ti«».  — »'«"^'*" 
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east-and-west  pipe.  With  all  this  in  iii/ 
the  observations  made  every  two  hour 
period  of  several  months  agreed  perfecP 
acteristics  with  Iho  results  given  by  tht* 
ference  was  tlmt  the  observed  tides  wOP 
8tant  ratio  by  tlu'  yielding  of  the  earth. 

The  perfecl  irjii  of  this  domain  of  scien 
satisfactory  coiirdi nation  in  this  expei 
distinct  theories.  The  perfect  agreeme* 
teristics  of  more  than  a  thousand  oliser** 
computed  values  depended  on  the  corrcilH 
motion,  the  tniih  of  the  law  of  gravitattl 
earth,  thedislaiiteof  the  moon  and  thellM 
the  mass  of  the  moon,  the  distance  to  thefl 
of  the  earth'.s  motion  around  it,  the  dim 
theory  of  tides,  the  numerous  obaervatiofll 
calculations.  How  improbable  that  theiv 
harmony  between  observation  and  theory. 
unless  scientific  conclusions  respecting  all 
correct ! 

The  extent  to  which  the  earth  j-ields 
moon  was  obtained  from  the  amount  by 
tides  were  less  than  their  theoretical  vali 
earth.     It  was  found  (hat  in  the  east-aitd' 
served  tides  were  about  70  per  cent  of 
in  the  north-and-south  pipe  the  obsei 
about  50  per  cent  of  the  computed.     This  li*^ 
ing  conclusion,  which,  however,  had  lieeii  i- 
Schweydar  on  the  basis  of  much  lesw  cerl^ 
data,  that  thi'  earth's  resistance  1o  di-fomuj 
and-west  direction  is  greater  than  it  is  in  tin 
tiirection.     Love  has  sugitestetl  that  the  di. 
due  indirectly  to  the  effects  of  lhei)ceanic  tiiL 
bmly  of  the  earth. 

On  using  the  amount  of  the  yielding  ( 
lisheti  by  obser\  ations  and  the  magnitude) 


upon  the  density  and  the 

liich  it  travels.     This  prin- 

,  and  when  tested  on  those 
<  jgb  the  surface  rocks  there 

I'vaUtm  and  theorj-.  Con- 
iipreaeional  waves  that  go 
•|Uired  for  them  to  go  from 
i'lPe  where  they  are  obser^-ed 
rhe  denaty  of  the  earth  is 
wn,  the  time  could  be  com- 
A  n,  the  rigidity  can  be  com- 
.Kject  to  some  uncertainties, 

ibo-  methods. 

Ti  for  the  equatorial  bulge 
euih's  equator  (Art.  47). 

luses  this  change  is  known. 

'(  more  than  a  few  hundred 

interior,  the  forces  would 
id  core,  just  as  a  vessel  con- 
iiout  rotating  the  water.     If 

moved,  it  would  be  shifted 
I  would  not  be  great.     But 

r  earth's  equator  is  moved, 
.en  together  with  the  forces 
■  earth  moves.  When  the 
iin  enormom  body  are  con- 
t  means  that  the  earth  haa  a 


I  op  may  be  spun  so  that  its 
rtical  direction,  or  no  that  it 
•tating  freely  in  space  may 
ans,  or  ib^  axis  of  rotation 
I''  wabbling  depends  upon  the 
ion,  and  rigidity  of  the  body. 
0  (actors  except  the  last  may 
ivere  known,  the  rate  of  wab- 
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of  the  moon  iiii>i 
that  of  meaKuiii' 
that  the  positiuFi 
acting  on  it,  ""  i 
of  its  direction  i 
level  surface.     ' 
to  the  foroee  ci 
stantly   remain 
But  if  the  earlli 
undergo  vpry  nn 
part  analogoui*  '< 
fication  of  the  m 
pendulum,  wti>- 
oscillations,  piv 
factory  evidem 

(b)  The  priiii. 
ing  tides  in  pip' 
Longer  column 
is  difficulty  in  "i' 
and  very  mui-li 
retical  heights  >- 
would  necessaii: 
found  posailil''  ' 
degree  of  accun 
been  ob8erve<l 

f erred  on  tUs  1 

(c)  Eanh()u;i: 
some  restricted  i 
ing  in  intenwit 
depending  priin 
pendulum,  ean 
of  thousands  of'fl 
are  of  different  | 
rocks  around  t 
ocean,  while 
sound  in  tbej 
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•^  it  irabbljng  were 
'  -4^  be  computed. 
^79!  vd?  uf  rotation 
_mm  proves  that  the 

s  ^  Rigidity  of  the 

_^  ol  attempting  to 

isans  with  Newton, 

^  ml  clearly  formu- 

,  jjuihiitinn  of  mass 

A  Sr  discovered.     By 

r  Iw  arrived  at  the 

.  .^  timee  as  dense  as 

^^mne  t^ip  density  of 
_  ^^  used  the  mountain 
^  ^^  4.5  for  the  density 
««anl  by  Michell,  was 
.^^and.  in  1798.  His 
^^^  by  later  experi- 
,-.€*d  Baity  (1840)  in 
-^y,  Comu  (1872'l  in 
.;,rt(I893)  in  England, 
-^lulom  method,  using 
-  iiffprence  in  elevation, 

p>inison)  first  gave  in 

-jih  is  ripjid.     His  con- 

■  v  tywanic  tides,  as  out- 

ts  rowns  of  the  rate  of 

_«»w  itt  po-ssibility  largely 

r«te  fcuyt  lived  in  Japan, 

^^hqaakis.     His  interest 

"^^puljied  him  to  the  inven- 

*  ^jawpnphs,  for  dotecling 

'       Th*  change  of  the  posi- 
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tion  of  the  plane  of  the  earth's  equator,  known  as  the  pre- 
cession of  the  equinoxes,  has  been  known  observationally 
ev^  since  the  da3rs  of  the  anrient  Greeks,  and  its  cause  was 
understood  by  Newton,  but  it  has  not  been  used  to  prove 
the  rigidity  of  the  earth  because  it  takes  place  very  slowly. 
The  wabbling  of  the  axis  of  the  earth  was  first  established 
observationally,  in  1888,  by  Chandler  of  Cambridge,  Mass., 
and  KHstner  of  Berlin.    The  theoretical  applications  of  the 
rigidity  of  the  earth  were  made  first  by  Xewcomb  of  Wash- 
ington, and  then  more  completely  by  S.  S.  Hough  of  Elng- 
land.    The  first  attempt  at  the  determination  of  the  rigidity 
of  the  earth  by  the  amount  it  Welds  to  the  tiflal  forces  of  the 
moon  and  sun  was  made  unsuccessfully  in  1879  by  George 
and  Horace  Darwin,  in  England.     Notable  succe?fs  has  been 
achieved  only  in  the  last  15  years,  and  that  by  improvements 
in  the  horizontal  pendulum  and  by  taking  great  care  in 
keeping  the  instruments  from  being  di.sturl>ed.    The  names 
that  stand  out  are  von  Rebeur-Paschwitz,  Ehlert,  Kortozzi, 
Schweydar,    Hecker,    and    Orloff.    The    o^i?5er\'atioas    of 
Hecker  at  Potsdam,  Germany,  were  especially  grxxl,  and 
Schweydar  made  two  exhaa<tive  mathematical  discas.sions 
of  the  subject. 

III.  QUESTIONS 

1.  What  is  the  difference  between  m^^  and  weii^ht  ?  Does  the 
weii^t  of  a  body  depend  on  it<i  p^^dtion?  Does  the  inertia  of  a 
body  depend  on  its  position  ? 

2.  Can  the  mass  of  a  small  b^xiy  b^  determin^;^]  from  iu  inertia  ? 
Can  the  man  of  the  earth  b^  deU*rmined  in  tne  name  way  ? 

3.  What  is  the  average  weight  of  a  cibir;  mil';  of  the  f;arth  ? 

4.  DiacQSS  the  relative  advantage*!  'A  the  torsion -balance  method 
and  m^fflPfw"  method  in  determining  the  rlen^ty  f4  the  f;arth. 
Which  one  has  the  greater  advantage-i  ? 

5.  What  is  the  pre?»ure  at  the  U/ttom  ^/f  an  ocean  :-dx  miles 
deep? 

6.  DisensB  the  character  fA  the  tide^i  tn  f-ant^-and-weMt  and  north- 
and-0oath  pipes  daring  a  whole  day  when  the  m^^>n  \s  in  the  peti- 
tion indicated  in  Fig.  17,  and  whjen  it  ja  over  the  earth's  equate**. 
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Mttd  i&advanta^s  of  a  long  pipe 


"Si£.  \7.  is  its  veight  greater  or  loss  than 
bttlazices?    By  balance  scales? 


■  asf  *a«?cw!i  and  facts  involved  in  the 

ic  «aa*d  aSp  9e\-eral  proofs  of  the  earth's 
<>   'mncajnenully  different  methods  are 


'$  Atmosphere 

of  die  Earth's  Atmosphere.  — 

>  i3B«iHis  envelope  which  surrounds 

vtijiiruents  are  the  elements  nitrogen 

t-  w^  jla*  minute  quantities  of  argon, 

-    teaoc.  and  some  other  very  rare  con- 

:*.'c^:^.».:  bv  volume  at  the  earth ^s  sur- 

. -.   vitx-siphoro  is  nitrogen,  21  per  cent 

>  ir^^n.  And  the  remaining  elements 

..     .ir\*  elements;    that  is,  they  are 

.*    -Ai  >n.ien  up  into  more  fundamental 

,,  ^  .1  .i:iy  ohomical  changes.     The  thou- 

.■o.s-'^4^  ^hnt  are  found  on  the  earth  are 

A'  .^U-monts,  only  about  half  of  which 

-  ■      Avarremv.     The  union  of  elements 

-.^  ^-•-'•'-  '^'^  **^  ^■^''■y  fundamental  matter,  for 

Ki\t*  w^^xTtii^  very  unlike  those  of  any 

..  .  >     X   ^%^:oh  it  is  comjwsed.     For  example, 

^  V.     «^t^i  :iitrv>giMi  are  in  almost  all  food,  but 

^  ^     *  !iv-c^  i^i  vvm|x>siHl  of  these  elements  alone, 

X     .;iiiv»:s  which  have  been  enumerated,  the 

^^  ..».as  5i4.uiu*  cHrlKMi  dioxide,  which  is  a  com- 

^.\ii  .4:id  oxy|(en.  and  water   vapor,  which  is 

o\v^en  and  hydrogen.    In  volume  three 
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hundredths  of  one  per  cent  of  the  earth's  atmosphere  is 
carbon  dioxide;  but  this  compound  is  heavier  than  nitrogen 
and  oxygen,  and  by  weight,  0.05  per  cent  of  the  atmosphere 
is  carbon  dioxide.  The  amount  of  water  vapor  in  the  air 
varies  greatly  with  the  position  on  the  earth's  surface  and 
with  the  time.  There  are  also  small  quantities  of  dust,  soot, 
ammonia,  and  many  other  things  which  occur  in  variable 
quantities  and  which  are  con-sidered  as  impurities. 

The  pressure  of  the  atmosphere  at  sea  level  b  about  15 
pounds  per  square  inch  and  its  density  is  about  one  eight- 
hundredth  that  of  wat€r.  This  means  that  the  weight  of  a 
column  of  air  reaching  from  the  earth's  surface  to  the  limits 
of  the  atmosphere  and  having  a  cross  section  of  one  square 
inch  weighs  15  pounds.  The  total  mass  of  the  atmosphere 
can  be  obtained  by  multiplying  the  weight  of  one  column 
by  the  total  area  of  the  earth.  In  this  way  it  is  found 
that  the  ma.ss  of  the  earth's  atmosphere  is  nearly 
6,000,000,000,000,000  tons,  or  approximately  one  miUionth 
the  mas.s  of  the  soUd  earth.  The  total  mass  of  even  the 
carbon  dioxide  of  the  earth's  atmosphere  is  approximately 
3,000,000,000,000  ton.>^. 

29.  Determination  of  Height  of  Earth's  Atmosphere  from 
Observations  of  Meteors.  —  Meteors,  or  sliooling  stars  as 
they  are  commonly  called,  are  minute  Ixtdics,  circulating  in 
interplanetary  space,  which  become  visible  only  when  they 
penetrate  the  earth's  atmosphere  and  are  made  incandescent 
by  the  reastance  which  they  encounter.  The  great  heat 
developed  is  a  consequence  of  their  high  velocities,  which 
ordinarily  are  in  the  neighborhood  of  25  miles  per  second. 

Let  m,  Fig.  19,  represent  the  path  of  a  meteor  before  it 
encoimters  the  atmosphere  at  A.  Until  it  reaches  A  it  is 
invisible,  but  at  A  it  begins  to  glow  and  continues  luminous 
until  it  is  entirely  burned  up  at  B.  Suppose  it  is  observed 
from  the  two  stations  Oi  and  f)i  which  are  at  a  known  dis- 
tance apart.  The  observations  at  d  give  the  angle  AOiOi, 
and  those  at  Oj  give  the  angle  AOiOi-    From  these  data  the 
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other  parts  of  the  triangle  can  be  computed  (compare  Art. 
10).    Aftw  the  distance  OiA  has  been  computed  the  perpen- 
dicular  height  of 
y-  A    from  the  sur- 

face of  the  earth 
can  be  computed 
by  using  the  angle 
AOiOi.  Similarly, 
the  height  of  B 
above  the  surface 
of  the  earth  can 
be  determined. 
Observations  of  meteors  from  two  stations  show  that  they 
ordinarily  become  visible  at  a  height  of  from  60  to  100 
miles.  Therefore,  the  atmosphere  is  sufficiently  dense  to 
a  height  of  about  100  miles  to  offer  sensible  resistance  to 
meteors.  Meteors  usually  disappear  by  the  time  they  have 
descended  to  within  thirty  or  forty  miles  of  the  earth's 
surface. 

■  30,  Determination  of  Height  of  Earth's  Atmosphere  from 
Obserretions  of  Aurora.  —  Aurora  are  almost  certainly 
electrical  phenomena  of  the  very  rare  upper  atmosphere, 
though  their  nature  i.s  not  yet  very  well  underst-ood.  Their 
altitude  can  be  computed  from  simultaneous  observations 
made  at  different  stations.  The  method  is  the  same  as  that 
in  obtaining  the  height  of  a  meteor. 

The  southern  ends  of  auroral  streamers  arc  usually  more 
than  100  miles  in  height,  and  they  are  sometimes  found  at 
an  altitude  of  500  or  600  miles.  Their  northern  ends  are 
much  lower.  This  means  that  the  density  required  to  make 
meteors  incandescent  is  considerably  greater  than  that  which 
is  sufficient  for  auroral  phenomena, 

31.  Detennination  of  Height  of  Earth's  Atmosphere  from 
the  Duration  of  Twilight.  —  Often  :iftrr  sunset,  evr^n  to  the 
east  of  the  observer,  higli  ciouds  arc  hiilliantly  illuminated 
by  the  rays  of  the  sun  which  still  fall  on  them.     The  higher 
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ihe  clouds  are,  the  longer  they  are  illuminated.  Similarly, 
e  sun  shines  on  the  upper  atmosphere  for  a  uoHaiderable 
me  after  it  has  set  or  before  it  rises,  and  gives  the  twilight. 
The  duration  of  twilight  depends  upon  the  height  of  the 
)sphere.  While  it  is  difficult  to  determine  the  instant 
'  at  which  the  twilight  ceasra  to  be  visible,  observations  show 
that  under  favorable  weather  conditions  it  does  not  disap- 
pear until  the  sun  is  18  degrees  below  the  horizon. 

In  order  to  see  how  the  height  of  the  atmosphere  can  be 
determined  from  the  duration  of  the  twilight,  consider  Fig.  20. 
The   sun's    rays 

^H  come  in  from  the 

^Bleft  in  lines  that 

^Bsre  sensibly  par- 

^psUet.      The    ob- 

^Bserver  at  O   can 

^V:flee  the  illumin- 

^^  sted  atmosphere 
at  P;  but  if  the 
atmosphere  were 
much  shallower, 
it  would  not  be 
visible  to  him.  The  region  P  is  midway  between  0  and  the 
Bunaet  point.  Since  0  is  18  degrees  from  the  sunset  point,  it 
IB  possible  to  compute  the  height  of  the  plane  of  the  horizon 
at  P  above  the  surface  of  the  earth.  It  is  found  that  18 
degrees  corresponds  to  an  altitude  of  50  miles.  That  ie,  the 
atmosphere  extends  to  a  height  of  50  miles  above  the  earth's 
surface  in  quantities  sufficient  to  produce  twiUght. 

The  results  obtained  by  the  various  methods  for  determin- 
ing the  height  of  the  atmosphere  disagree  because  its  density 
decreases  with  altitude,  as  is  found  by  ascending  in  balloons, 

f  different  densities  are  required  to  produce  the  different 
omena.  It  will  convey  the  correct  idea  for  most  appli- 
ns  to  state  that  the  atmosphere  does  not  extend  in  ap- 
able  quantities  beyond  100  miles  above  the  earth's  sur- 
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>  its  density  is  about  one  four  hundred- 
k  «t  iftlft  ak  Ikt  surface.  When  the  whole  earth  is 
AfewbaDitkAl  the  atma^phere  forma  a  relatively 
li^  k(l«.  K  (fe»  MTlk  B  represented  by  a  globe  S  inches 
ib  ittMBMi^  1^  ttetawT''  of  tht-  atmosphere  on  the  same 
<nfc  j^^aftt  ifcim  q»g  leath  of  on  inch. 

k  IkMfT  tt  Gases.  —  It  has  been  stated 

t  on  the  earth  is  composed  of 

I  !M  flMitiniMtil  «Ie(neats.     A  chemical  combination 

•^  :NWW  ■0'  iwlfot  »  BM-iIt^uio.     A  molecule  of  ox^'gen  con- 

»«to  gf  Vw*  tfciUM  vf  OiX>~^n,  a  molecule  of  water  of  two 

1  one  of  oxygen,  and  similarly  for  all 

ij^MlM  OMlKuks  contain  only  a  few  atoms  and 

t  Ct^Mt  Weuty :  ft)r  wounple,  a  molecule  of  cane  sugar 

■       itw  «l  cirbon,  22  of  hydrogen,  and  11 

ihtf  i-onipounds  developetl  in  connec- 

, ,  x*t*  iiuktuin  many  atoms. 

,•  Ail  vwy  minute,  though  their  dimen- 

s  vticy  "Wh  thf  number  and  kind  of  atoms 

Um4  N,^'lvin  devised  a  number  of  methoils 

thi-if  -y*.',  or  at  least  the  distances  between 

:e.  for  example,  there  are  in  round 

,  »  !»!«•  nf  them  one  inch  long,  or  the 

A  cwtw'  inch. 

W  '*>i>ft^ "^  ■iiM>n**h'  *»»  constrained  to  keep  essentially 

p.  W  MHW  ^Migtlier,  though  they  are  capable 

vibrations.     In   liquids   the 

.     LH.n'i'irif    t'iMl't'  Rslraints   from   neighboring 

.  'M';  ■*».'*  -oMiiw  ygeilions  are  not  fixed  and  they 

».  though  not  with  perfect 

»  Me  perfectly  free  from  one 

They  move  with  great 

My  frequency ;  but,  in  spite 

'  NiinMk'WKk  the  time  during  which 

hlwr;*  is  very  much  greater 

s  •  KFT  4k  •(#ivli\'e  contact. 
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witk  CMOBSW  ^nad.  IVy  do  aol  all  nov* 
Willi  the  woe  ifiefd,  bat  sne  tnnl  jfewly  vtute  oUwrs  gp 
mneh  batcr  thn  the  rnnng^  TVocvt>caI|>\  at  least,  m 
BOvinK  with  eTTf>'  '^i4cmtjr. 
honreref  great,  but  tbe  nomber  of  those  iMving  »»>■  pwil 
Telocity  dimioisbes  rapidly  a£  iu  differenc*  ftwm  lh*>  aver- 
age vdodtj-  increases.  Tbe  a%-erage  ■v-\'lociiy  of  nwlwuka 
ia  rominoQ  air  at  ordinary-  temperature  and  pmssuiv  is  tiwrv 
than  1600  feet  per  secood,  and  on  the  av-erago  mch  mol^ 
cule  baa  5,000.000,000  coUisioos  per  second.  Therrfurr  the 
average  distance  traveled  betvreea  collisions  is  onl^*  alwut 
mAnre  of  an  '°ch. 

From  the  kinetic  theory'  of  gases  it  is  possible  to  deter- 
mine how  fast  the  density  of  the  air  diminishes  with  increaso 
of  altitude.  It  is  found  that  about  one  half  of  the  rartira 
atmosphere  is  within  the  first  3.5  miles  of  its  siufttcp,  ihiit 
one  half  of  the  remainder  is  contained  in  the  next  3.H  milo«, 
iwd  so  on  until  it  is  so  rare  that  the  kinetic  theory  no  longer 
applies  without  sensible  modifications. 

33.  The  Escape  of  Atmospheres.  —  Suppome  a  body  )■ 
projected  upward  from  the  surface  of  the  earth.  Thii  lielglit 
to  which  it  rises  depends  upon  the  sprad  with  which  It  in 
■larted.  The  greater  the  initial  si)epd,  the  higher  It  will  rlno, 
and  there  is  a  certain  definite  initial  velocity  for  which,  ni'U- 
lecting  the  resistance  of  the  air,  it  will  leave  thi'  earth  and 
never  return,  Thi.s  is  the  velocity  of  iwc^aiK-,  and  for  th« 
earth  it  is  a  little  less  than  7  mikw  p«r  necond. 

The  molecules  in  the  earth's  atmosphere  nmy  bo  oon- 

lered  as  projectiles  which  dart  in  irvery  dlrMtion,    It  hw 
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i  ebem  which 

HDd.    Half  of 

i  consequently 

*-9Wounter  other 

■scT  of  collisions 

-:-.:=li  fnictinn  of 

t  <BKBpc  f ruui  the 

^at^etmt  molecules  will 

^^^^m^iMHr  is  concerned, 

■  M^^tr  depleted.    The 

^^■11  of  bodies,  such  as 

f^)^.agd  attractions  are 

^.  ^ftltk.  tbe  velocity  of 

■^^.W^ibat  the  earth's  at- 
..  .-»u>M»  if  possible  replenish- 
„jyj  .:».  neclected.  When  a 
,  J  -- ^tf  -auhji-ftt  tf>  the  attrac- 
^,,  ,:» .mofbit  which  crosses 
«  .vctil  has  a  chance  of 
The  only  excep- 
:Je  escapes  with  a 
cannot  control  it. 
le  molecule  shall 
-  upon  its  direction 
second  and  cannot 
-ides  the  molecules 
•  ,re  doubtless  many 
■.  arbit  of  the  earth, 
-.  .1  The  earth  is  so 
r  losing  and  acquir- 
i,.-'  -'■'■.  that  probably  an 
^  w,ik  ihf  number  of  mole- 
^  ^^gfJL  The  situation  is 
^  ■rn^Ht  [ilaced  in  a  sealed 
ittlt  ^  tltiove  it  becomes 
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The  dmuiBg  «f  lihr  cac^r  <if  jaiMii^iihtneiL^  i«fjfe?>  iltii% 
bocfics  <tf  9Bil  BBS  vfl  kiiY  isHiii^i  jEad  ftnlsftp^  i^^ 

enrtly  Toified  m  ci|igtkie.  For  esmplf.  ibe  ummi.  viih 
a  mas  ^  tktt  of  die  tank  and  a  Ttimir  of  ^^irdiiw'  of 
about  lw5  mile?  per  second.  ka$  no  5iH»ble  aiiiK\<fihff^.  l>ii 
the  other  hand.  Jopiler.  whh  a  mass?  31$  timet^^  that  of  ih^ 
earth  and  a  velocity  of  »rape  of  37  nuhK^  per  $^^coih1.  hjisi 
an  encMmoas  atmoephere.  Tliese  exampk^  ar^  I^^^mc^  ^vT 
the  facts  famished  by  aD  known  eelemal  bodiei^ 

34.  Effects  of  the  Atmnesphere  on  Climate.  —  A^lo  f mm 
the  heat  received  frcMn  the  sun,  the  most  im|xirt3nt  fa^^t^^ 
affecting  the  earth's  climate  is  it$  atnios|>hen\  It  tiHuls  to 
equahxe  the  t^nperature  in  three  important  wh\*s,  ^^o^  It 
makes  the  t^nperature  at  any  one  place  moro  luufonu  th^^i!) 
it  would  otherwise  be,  and  (ft)  it  reduces  to  n  largt^  oxtont 
the  variations  in  temperature  in  diffonmt  latitudi>8  th«t 
would  otherwise  exist.  And  (c)  it  distributes  \\^\tor  ovor  tho 
surface  of  the  earth. 

(a)  Consider  the  day  side  of  the  earth.  Tho  n^N*^  of  tho 
sun  are  partly  absorbed  by  the  atma^^phon^  and  tho  boating 
of  the  earth's  surface  is  thereby  reiluotHl.  Tho  amount 
absorbed  at  sea  level  is  possibly  as  much  as  40  p«M'  ot^nt. 
Every  one  is  familiar  with  the  fact  that  on  a  inoinUain, 
above  a  part  of  the  atmosphere,  sunlight  is  nion*  int(M»H(»  ( han 
it  is  at  lower  levels.  But  at  night  tin*  (»IT(M'ts  n\v  rovorHod. 
The  heat  that  the  atmosphere  has  absorbtMl  in  th(»  daytinu^ 
is  radiated  in  every  direction,  and  honoo  sonio  of  it  nlrlkc^H 
the  earth  and  warms  it.  Besides  this,  at  tught  the*  onrlh 
radiates  the  heat  it  has  received  in  tho  (hiylinic*.  Tho  nl . 
mosphere  above  reflects  some  of  tho  radiat<«d  hoat  diroolly 
back  to  the  earth.  Another  portion  of  it  Ih  absorbod  and 
radiated  in  every  direction,  and  conM(»(jiH?ntly  in  part  biMik 
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to  thi>  wirth.  In  short,  the  atmosphere  acts  as  a  sort  of 
lilanki't,  keeping  out  part  of  the  heat  in  the  daytime,  and 
hi'lping  to  retain  at  night  that  which  has  been  received.  Its 
netion  is  analogous  to  that  of  a  glass  with  which  the  gardener 
covers  his  hotbed.  The  results  are  that  the  variations  in 
tenii>eratur«  Iwtween  night  and  day  are  reduced,  and  tlie 
nvenige  teiniK-rature  is  raised. 

{h)  The  unequal  heating  of  the  earth's  atmosphere  in 
vtirioua  liititudee  is  the  primary  cause  of  the  winds.  The 
warmer  air  moves  toward  the  cooler  regons,  and  the  cold 
air  of  the  higher  latitudes  returns  toward  the  equator.  The 
trade  winds  are  examples  of  these  movements.  Their  im- 
IJortiuice  will  be  understood  when  it  is  remembered  that 
wind  velocities  of  15  or  20  miles  an  hour  are  not  uncommon, 
Mid  that  there  is  about  15  pounds  of  air  above  every  square 
iuph  of  the  earth's  surface. 

One  of  the  effects  of  the  winds  is  the  production  of  the 
twpan  currents  which  are  often  said  to  be  dominant  factors 
In  modifying  climate,  but  which  are,  as  a  matter  of  fact, 
rt'lnilvely  unimportant  consequences  of  the  air  currents.  A 
MUlth  wind  will  often  in  the  course  of  a  few  hours  raise  the 
Iwnperature  of  the  air  over  thousands  of  square  miles  of 
^^^rrito^y  by  20  degrees,  or  even  more.  In  order  to  raise  the 
twni>eraturo  of  the  atmosphere  at  constant  pressure,  over 
niit»  (tquare  mile  through  20  degrees  by  the  combustion  of  coal 
H  would  be  necessary  to  burn  ten  thousand  tons.  This 
ttltlHtration  serves  to  give  some  sort  of  mental  image  of  the 
KivHt  influence  of  air  currents  on  climatic  conditions,  and  if 
it  wt^^e  not  for  them,  it  is  probable  that  both  the  equatorial 
nud  iH'liir  regions  would  be  uninhabitable  by  man. 

9(1.  Importance  of  the  Constitution  of  the  Atmosphere.  — 
'I'lu'  blunkctiiiR  effect  of  the  atmosphere  depends  to  a  con- 
•ttMwble  extent  on  its  constitution.  Every  one  is  familiar 
witit  the  fact  that  the  early  autumn  frosts  occur  only  when 
Ihti  tit  \»  clofir  and  has  low  humidity.  The  reason  is  that 
WMv*'  vajxtr  is  less  tran.sparent  to  the  earth's  radiations  than 
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■re  nitrogen  and  oxygen  gas.  On  the  other  hand,  there  is'l 
not  so  much  ilifferencc  in  their  absorption  of  the  raya  that  T 
some  from  the  sun.  The  reason  is  that  the  very  hot  sun's 
raj-s  are  largely  of  short  wavelength  (Art.  211);  that  is, 
they  are  to  a  considerable  extent  in  the  blue  end  of  the  spec- 
trum, while  the  radiation  from  the  cooler  earth  is  almost 
.lirely  composed  of  the  much  longer  heat  rays.  Ordinary 
has  the  same  property,  for  it  transmits  the  sun's  raye 
io3t  perfectly,  while  it  is  a  pretty  good  screen  for  the  rays 
tted  by  a  stove  or  radiator. 
The  water-vapor  content  of  the  atmosphere  varies  and 
eannot  surpass  a  certain  amount.  But  carbon  dioxide  has 
the  same  absorbing  properties  as  water  vapor,  and  in  spite 
of  the  fact  that  it  makes  up  only  a  very  small  part  of  tbe 
earth's  atmosphere,  Arrhenius  believes  that  it  has  important 
,tic  effects.  He  concluded  that  if  the  quantity  of  it 
the  air  were  doubled  the  climate  would  be  appreciably 
'warmer,  and  that  if  half  of  it  were  removed  the  average 
temperature  of  the  earth  would  fall,  Chamberlin  has  shown 
that  there  are  reasons  for  believing  that  the  amount  of 
earbon  dioxide  has  varied  in  long  oscillations,  and  he  sug- 
gested that  this  may  be  the  explanation  of  tbe  ice  ages,  with 
intervening  warm  epochs,  which  the  middle  latitudes  have 
co^erienced. 

If  the  effect  of  carbon  dioxide  on  the  climate  has  been 
UTectly  estimated,  its  production  by  the  recent  enormous 
'-ixinsumption  of  coal  raises  the  interesting  question  whether 
man  at  last  is  not  in  this  way  seriously  interfering  with  the 
coamic  processes.  At  the  present  time  about  1,000,000,000 
of  coal  are  mined  and  burned  annually.  In  order  to 
12  pounds  of  coal  32  pounds  of  oxygen  are  required, 
the  result  of  the  combustion  is  12  -f  32  =  44  pounds 
carbon  dioxide.  Consequently,  by  the  combustion  of 
coal  there  is  now  annually  produced  by  man  about 
3,670,000,000  tons  of  carbon  dioxide.  On  referring  to  the 
ital  amount  of  carbon  dioxide  now  in  the  air  {Art.  28),  it 
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-.        -  •  ni-'u-tion  of  coal  it  will 

-•*;  .'.I'ly.  thm»  are  grounds 

.  .>rry    may    have    isen.sihlo 

.:u«/fi$ttXttr«  ix  Life  Processes.  —  Oxygen 

:>   .t•:::o^phe^c  for  all  higher 

-    :.si\ii  into  the  l)lood  stream 

*    •^..   ■.'    .Ill'  tissues.     Its  proportion 

T ;  •     ivc  vt'r>-  important,  for  it 

.■»^.    i.'v.iys  l>een  much  more  or 

•    xv'jmo  adapted  to  the  dif- 

'     :^r'>.  >  crust  had  contained 

i:u:c>5  with  oxygen,  such  a.s 

■  •    .xhausted  the  supply,  it 

■  wrv.i.  nxl  blood  could  not 
-  ;  ■:>   are  of  high    imj)()r- 

.  ^  ■  .'.1  of  the  hal)ita])ilitv  of 
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' \-  itiT  are  largely  composed 
■v     ■.<  obtained  from  the  car- 
^       -       V\'  v'arhon  and  oxygen  are 
^    .   *•  .\:    in    the    cells    of    the 
•  V.  ::'.ccar]>on  is  retained,  and 
\'  iv!i  i<  given  i)ack  to  the  air. 
tr    Refraction  of  Light  by  the 
*.:Bv«*iere.  -  -  When  light  j)ass(»s 
-  '    •  :^:rer  to  a  denser  medium 
^  .vr.:  toward  the  ])(T|)en(lic- 
...-  V  tlio  surface  i)etween  the 
*v   :r.i\lia.   and   in  g(»n(>ra]   tlie 
j:---<:<*rihoditTen»nc('in  the  densi- 
•  v-<  ,'»:  iho  two  mcHJia,  thr  great (T 
^    .   i\i  n^fr,MCtion.     Thus,  in  Fig.  21, 
^  -hr  surfaiv  of  the  denscM-  nKnliuTn 
:  -ivnon  A  B  toward  the  perpcnidicular 
.,v  wki^  the  direction  Ai\ 
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Now  consider  a  ray  of  light  striking  the  earth' 
obliquely,  The  density  of  the  air  increases  from  its  outer 
borders  to  the  surface 
of  the  earth.  Conse- 
quently, a  ray  of  light  is 
bent  more  and  more  as  it 
proceeds  down  through 
the  air.  Let  I,  Fig,  22, 
represent  a  ray  of  light 
coming  from  a  star  S  to 
an  observer  at  0.  The 
star  is  really  in  the  direc-  •- 

tion  OS",  but  it  appears  to  be  in  the  direction  OS'  from 
which  the  hght  comes  when  it  strikes  the  observer's  eye.  The 
angle  between  OS"  and  OS'  is  the  angle  of  refraction.  It  is 
zero  for  a  star  at  the  zenith  and  increases  to  a  little  over 
one-half  of  a  degree  for  one  at  the  horizon.     For  this  reason  a 


i 


celestial  body  apparently  rises  before  it  is  actually  above  the 
horizon,  and  is  visible  until  after  it  has  really  set.  If  the 
eun  or  moon  is  on  the  horizon,  its  bottom  part  is  apparently 
rused  more  than  its  top  part  by  refraction,  so  that  it  seems 
to  be  flattened  in  the  vertical  direction,  as  is  shown  in  Fig.  23. 
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tittx.  —  The  atmosphere  is  not 

iO  higbest  regions  to  the  sur- 

(&ttirbed  by  waves  which 

poiot  to  varj'  continually. 

constant  email  changes  in 

lentJy  alterations  in  the 

||W  appears  to  come.      When 

•I  a  star,  it  twinkles  or  scintil- 

sais  y  particularly  noticeable 

B  t^  ^  is  cold  and  unsteady. 

if.  i£ffvrent  for  different  colors, 

ar  winkles  it  flashes  sometimes 

m»tvdoT  yellow.     Objects  that 

p  «»  loo  small  to  be  discerned 

mHth  steadier  than  stars  because 

■  Tuious  parts  seldom  agree  in 

biM.4  iBsplace  the  whole  object. 

g^^  4v  W^  io  *  room  16  feet  !^quan>  and 

,J,M>  )■»«>**  miMute  throuKfa  a  wJDdniill 

ipberio  pressure  to  which 

.^ifcvwK  nnparMl  to  its  density  at  ihe 
UfcMlMttaalM,  thn  density  being  dot«r- 
«t4fe«»A«#Art.32?    This  gives  an  idea 
of  twilight,  of  meteors, 


d  iU  atmosphere  to  scale. 

[  Iqr   Ihe  acquisition  of 

>  -^  ^  <iCNrt  this  poKtb,  will  ils  atmosphere 

.  w  u*  Ki  <kNm«»«>  in  amount  ? 

.  Tfcuytwt*  i^^rwLim  or  dt«reasea.  as  the  cuse 

^d  V  ■*t«<iT<v*i  the  m<«n  ti^niperaturo.  the  daily 

^^^  ^bI  kb>  (WVr  »wr  (W  Mtrth's  whole  gurfa«e  ? 

a^\.^tm*  ««■»  d^vtttil  nf  witUT.  what  would  Ih'  (hn 

k  tte  iWIy  ntaco  »t  any  plaou,  and 


CHAPTER   III 
THE    MOTIONS    OF    THE    EARTH 

I.  The  Rotation  of  the  Earth 
39.  The  Relative  Rotation  of  the  Earth.  — The  most 
casual  observer  of  the  heavens  has  noticed  that  not  only 
the  sun  and  moon,  but  also  the  .^tars^,  I'isf  in  tiip  cast,  pass 
across  the  sky,  and  set  in 
the  west.  At  least  this  is 
true  of  those  stars  which 
cross  the  meridian  south 
of  the  zenith.  Figure  24 
is  a  photograph  of  Orion 
in  which  the  telescope  was 
kept  fixed  while  the  stars 
passed  in  front  of  it,  and 
the  horizontal  streaks  i\rc 
the  images  traced  out  \>y 
the  stars  on  the  photo- 
graphic plate. 

The  stars  in  the  north- 
em  heavens  describe  circles  f"*-  -^■ 
around  the  north  pole  of 
the  sky  as  a  center.  Two  hours  of  ohservation  of  the  posi- 
tion of  the  Big  Dipper  will  show  the  character  of  the  motion 
very  clearly.  Figure  25  shows  circumpolar  star  trails  secured 
by  pointing  a  fixed  telescope  toward  the  pole  star  and  giving 
an  exposure  of  a  little  over  an  hour.  The  conspicuous 
streak  a  little  below  and  to  the  left  of  the  center  is  the 
trail  of  the  pole  star,  which  therefore  is  not  exactly  at  the 
pole  of  the  heavens.  A  comparison  of  this  picture  with 
77 


n  Orion  (.Uamard). 
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38.  The  Twinkling  of  the  Stars.  —  T            ^| 

^^^1 

only  of  variable  density  from  its  highea              ^| 

H^^l 

face  of  the  earth,  but  it  is  always  diatur 

^^^^1 

cause  the  density  at  a  given  point  t 

"^^1 

These  variations  in  density  cause  const. 

'  ^^H 

the  refraction  of  light,  and  eonsequentt 

'•^^H 

direction  from  which  the   light  appea' 

'  j^^l 

the  source  is  a  point  of  light,  as  a  star,  ^^ 

^^^1 

lates.     The  twinkling  of  the  stars  ia  pi 

'*^^H 

in  winter  time  on  nights  when  the  air  i 

"i^^H 

The  variation  in  refraction  is  differenv 

I'r^^H 

and  consequently  when  a  star  twinkle*. 

''^^1 

blue  or  green  and  at  other  times  red  or 

LI^^H 

have  disks,  even  though  they  are  too  ^^ 

^^H 

with  the  unaided  eye,  appear  much  stea^^^^^^^^ 

;is 

the  irregular  refraetionH  from  vnriouH  ^^^^^^B 

1 

direction,  and  consequently  do  not  dis^^^^^^B 

.'            N, 

QUESTION^^^^^H 

-.■....■d 

1.  Whitl  is  the  weight  of  the  air       ^  ^^^^^^| 

h4l  .  -Itl 

feet                                                             ^^^^^^m 

' 

^                  2.   How  many  pounda  of  air  pass  per  "i^^^^^^H, 

B             12  feet  in  diameter  in  a  breeze  of  20  miles  ^^^^^V' 

'  '' 

F                3.  Compute  the  approximate  total  atm^^^^^^^p*' 

a  person  is                                                      ^^^^^^At  t 

■.|J^- 

4.   What  is  the  density  of  the  air,  eomn^^^^^^^L 

■  .  ide 

Burface,  at  heights  of  50,  100,  and  500  mil^^^^^^H 

1  lie 

mined  by  the  law  given  at  the  end  of  Ai^^^^^^^M 

of  the  density  required  for  the  phenomei^^^^^^^P'-' 

■ '"" 

and  of  auronc.                                               ^^^^^ 

5.   Draw  a  dia^am  showing  llicciirthai  ^^^^^Wv 

■■iic. 

6.   The  earth's  mass   is  slowly   crowii. 

,i 

meteors ;  if  there  is  notbine  to  offset  this  k 

have  a  tendency  to  increase  or  to  dwreosc 

' 

7.   If  the  earth's  atmospheru  inercase* 

may  be,  what  will  he  the  effect  on  the  m.i 

i.i! 

range  at  any  place,  and  the  range  over  th. 

8.  If  the  earth'a  surface  wori'  devoid  or 

, 

effect  on  the  mean  temperature,  the  dail; 

.-'^^ 

the  range  over  its  whole  surface?                                 '  r^ 

i 
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but  they  seem  to  have  had 

■oted  by  Copcraicus  (1473- 

(leoiy  of  the  motions  in  the 

22  B.C.)  recognisMid  the  fact 

the  stars  i^an  be  explained 

lud  the  earth,  or  by  the  rota- 

Aristarchus  of  Samos  (310- 

latemeots  regarding  both  the 

1  the  earth  of  any  philosopher 

lis  (180-110  B.C.),  who  was  the 

iquity,  and  whose  discoveries 

luable,  believed  in  the  fixity  of 

cd  in  this  opinion  by  Ptolemy 

her  astronomer  of  note  down  to 

the  earth  rotated  and  revolved 

don.  —  One  method  of  attacking 
-r  not  any  particular  body,  such  aa 
naider  the  laws  of  motion  of  bodlea 
'  answer  it  on  the  basis  of,  and  in 
iWB.    The  laws  of  nature  are  in  a 
Terent  from  civil  laws,  and  it  is  un- 
n-  term  is  used  for  both  of  them.     A 
forbids  a  mode  of  conduct,  with  pen- 
It  can  be  violated  at  pleasure  if  one 
ihance  of  suffering  the  penalty.     On 
of  nature  does  not  prescribe  or  compel 
scription  of  the  way  all  phenomena  of 
i-d  one  another. 
ion  are  statements  of  the  way  bodies 
ley  were  first  given  by  Newton  in  1686, 
to  some  extent  understOfMl  by  his  prede- 
fwton  called  them  axioms  although  they 
L'If-evident,  as  is  proved  by  the  fact  that 
i-ars  they  were  quite  unknown.     The  laws, 
-vton  gave  them,  are : 


p 

^p^^^^^^^^l 

^^^1     i^^^^^^^^^l^^^^H^^^^^^I 
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he  northern  sky  will  show  that  moat  of  the  Btara  who 
rails  are  seen  are  quite  invisible  to  the  unaided  eye. 

Since  all  the  heavenly  bodies  rise  in  the  east  {except  tho 

0  near  the  polo  that  they  simply  go  around  it),  travel  aero 

the  rW    nnri  n 

1 
J 

1 

^B^H^H^^^^^^^^^r 

in  the  west, 
reappear  again 

the  east,  it  ft 
lows  that  eitb 
they  go  aroui 
the   earth    fro 
east  to  west, 
the  earth  tun 
from     west 
east.     So  far  * 
the  simple   m 
tions  of  the  su 
moon,  and  sta 
are     concerm 
both  hypothec 
are     in     pertti 
harmony   WL[ 
theobservatis^ 

which  of  them  is  correct  without  addttio 
ipparent  motions  prove  is  that  there  is 
jf  the  earth  with  respect  to  the  heaven 
It  is  oft«n  supposed  that  the  ancients 
if  not  stupid,  because  they  believe<l  that 
md  that  the  sky  went  around  it,  but  it 
JO  far  as  their  data  bore  on  the  question 
;ood  as  the  other.     In  fact,  not  all  of 
he  earth  was  fixed.     The  earliest  philoso 
to  have  beheved  in  the  rotation  of  the  e 
1  Pythagorean,  who  lived  in  the  fifth 

and  it  is  not  ft, 
sible    to    de«, 

nal  data.     AU  ., 
a  relative  mo^ 

y  bodies.         ^ 

the  earth  waa-*^ 
las  been  seen  ^ 
one  theory  wi^^ 
hem  thought, 
pher  who  is  ks^ 
rth  was  Phi^ 
century  B.fl^H 

I 


fcB.  m,  4C 

uat  give  the 
If  the 
pulls  enoughj 
ii  tracks.    This 
kw  in  terms  of 
■Vpears  when  it 
OBiy  to  the  forces 
m  friction  with  the 
Wito*,  they  would 
were  included, 
the  third  law. 
fundamentally  in 
He  question  of  their 
iHiBf>rf  to  the  motions 
orderly.    Be- 

e*  wv millions  of  times  in 

«r  AeMtfA^  ^y  ^^6  been  tested 

1^  ims  httm  found  to  indicate  they 

U^jiigPtiaJiiodoiis  of  material  bodies. 

^igrtud  ly  «■«*  ^  enormous  mass 

J^MiiH  tfce  most  trustworthy  con- 


^  ■  •^■*^ 


it 


^  __  if  Its  Shape.  —  The 

]^t|i|^4M«riafiied  without  knowing  whether 

^.^^;,^^iP|jpjBe«m«oentsof  arcs  (Art.  12) 

J  ii  ioDows  from  the  laws  of  motion 
dott  Ae  earth  would  be  spherical 
it  is  not  spherical,  it  must  be 
pjioms  finom  the  laws  of  motion 
„  _J  be  bulged  at  the  equator.     Hence 
llir  «mA  proves  that  it  rotates  and  doter- 
^  its  tfisi  but  does  not  determine  in 

^^  UfA  Proved  hy  the  Eastward  Devi- 
—  Let  OPf  Kg-  27,  represent  a 
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loifer  from  whose  top  a  ball  is  dropped.     Suppose  that  whQe 
tlip  bail  is  falling  to  the  foot  of  llie  tower  the  earth  rotates 
Ihrough  the  angle  QEQ'.    The  top  of  the  tower  is  carried 
from  P  to  P',  and  its  foot  from  0  to  O'.    The  distance  PP' 
is  somewhat  greater  than  \he  distance  OO'.     Now  consider 
the  falling  body. 
It  tends  to  move 
in  the    direction 
PP'    m    accord- 
ance with  the  first 
kw  of  motion  be-  | 
cause,  at  the  time 
it  is  dropped,   it 
is  carried  in  this 
direction   by   the 
rotation    of     the 
earth.   Moreover, 
PP'   is    the   dis- 
tance through  which   it  would   be  carried   if  it  were  not 
dropped.     But  the  earth's  attraction  causes  it  to  descend, 
and  the  force  acta  at  right  angles  to  the  line  PP'.    There- 
fore, by  the  second  law  of  motion,  the  attraction  of  the  earth 
does  not  have  any  influence  on  the  motion  in  the  direction 
PP'.      Consequently,  while  it  is  descending  it  moves  in  a 
horizontal  direction   a  distance  equal   to  PP'   and  strikes 
the  surface  at  0"  to  the  east  of  the  foot  of  the  tower  0'. 
The  eastward  deviation  is  the  distance  O'O".    The  small 
diagram  at  the  right  shows  the  tower  and  the  path  of  the 
falling  body  on  a  larger  scale. 

The  foregoing  reasoning  has  been  made  on  the  assumption 
that  the  earth  rotates  to  the  eastward.  The  question  arises 
whether  the  conclusions  are  in  harmony  with  experience. 
The  experiment  for  determining  the  deviation  of  falling  bodies 
is  complicated  by  air  currents  and  the  resistance  of  the  air. 
Furthermore,  the  eastward  deviation  is  very  small,  being 
only  1.2  inches  for  a  drop  of  500  feet  in  latitude  40".    In 
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reason  is,  of  course,  that  the  weak  man  does  not 
strong  one  an  opportunity  to  use  his  fuU  strength? 
strong  man  is  heavier  than  the  weak  one  and  pulls 
he  will  move  the  latter  while  he  remains  in  his  trad 
seems  to  contradict  the  statement  of  the  law  in 
the  acceleration ;   but  the  contradiction  disappear 
is  remembered  that  the  men  are  subject  not  only  to  t* 
they  exert  on  each  other,  but  also  to  their  friction 
earth.     If  they  were  in  canoes  in  open  water,  thi 
both  move,  and,  if  the  weights  of  the  canoes  were  ii 
their  motions  would  be  in  harmony  with  the  third 
Since  the  laws  of  motion  are  to  be  used  fundamci 
considering  the  motion  of  the  earth,  the  question 
truth  at  once  arises.     When  they  are  applied  to  the 
of  the  heavenly  bodies,  everything  becomes  order 
sides  this,  they  have   been  illustrated  millions  of 
ordinarj-  experience  on  the  earth  and  they  have  bo' 
in  laboratorifs,  but  nothing  has  been  found  to  indie, 
are  not  in  harmony  with  the  actual  motions  of  materij' 
In  fact,  they  are  now  supported  by  such  an  enorm** 
of  experience  that  they  are  among  the  most  trustwor 
elusions  men  have  reached.  " 

41.  Rotation  of  the  Earth  Proved  by  Its  Shap^' 
shapeof  the  earth  can  be  determined  without  knowinf" 
or  not  it  rotates.  The  simple  measurements  of  arcs  ■ 
prove  that  the  earth  is  oblate.  t 

It  can  be  shown  that  it  follows  from  the  laws  r« 
and  the  law  of  gravitation  that  the  earth  would  be  ' 
if  it  were  not  rotating.     Since  it  is  not  spherical,  I* 
rotating.     Moreover,  it  follows  from  the  laws  (•( 
that  if  it  is  rotating  it  will  be  bulged  at  the  equal 
the  oblateness  of  the  earth  proves  that  it  rotates 
mines  the  po.sition  of  its  axis,  but  does  not  di 
which  direction  it  turns. 

42.  Rotation  of  the  Earth  Proved  by  the 
ation  of  Falling  Bodies.  —  Let  OP,  Fig.   27, 


I  [iiently, 
•lich  the 
.  OVO'. 
\  s  equals 
from  the 
1  lie  devi- 
iirtheast- 
■iiiie  at  V 
.iirth.  If 
.<!  degrees. 
Liiitely  far 

wire  about 
1  in  a  few 
IS  been  re- 
ith  rotates 
(lum  proves 
licet  to  the 
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spite  of  these  difficulties,  the  experiment  for  modeta 
provesthattheearth  rotates  to  the  eastward.  Fatlj 
of  Rome,  has  devised  an  apparatus,  having  anal] 
Atwood's  machine  in  physics,  which  avoids  most » 
tiirbances  to  which  a  freely  falling  body  i 
largest  free  fall  so  far  tried  was  in  a  vertical  r 
Houghton,  Mich.,  more  than  4000  feet  deep. 
of  the  fact  that  the  diameter  of  the  mine  shaft  ' 
times  the  deviation  for  that  distance,  the  experini-' 
failed  because  the  balls  which  were  dropped  ne\'^ 
the  bottom.  It  is  probable  that  when  they  haff 
enough  to  acquire  high  speed  the  air  packed  up  i" 
them  until  they  were  suddenly  deflected  far  ert* 
their  course  to  hit  the  walls  and  become  imbedrti 
43.  Rotation  of  the  Earth  Proved  by.  Foucault's^ 
—  One  of  the  most  ingenious  and  convincing  i>" 
for  ptd 
rotation 
earths  4 
in  Ig!^ 
FrencU 
FoucM^ 
penda^ 
fact  t  __ 
ingto' , 
motio  J 
swing 
lum 
stanti 
the  BBjY 
Suppose  a  pendulum  suspended  at  0,  Fig.  2f  " 
swinging  in  the  meridian  OQ.  Let  OF  be  the  t 
drawn  in  the  plane  of  the  meridian.  After  a  certf-| 
the  meridian  OQ  will  have  rotated  to  the  po* 
The  line  O'V  is  drawn  parallel  to  the  line  <H 
quentiy  the  pendulum  will  be  swinging  in  the  pi 
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interval  of  time.  Suppose  that  in  this  interval  of  time  the 
meridian  OQ  rotates  to  the  position  O'Q'.  Hence  the  mase 
of  air  under  consideration  actually  had  the  velocities  OA  and 
00'  when  it  started  from  0,  the  former  with  respect  to  the 
surface  of  the  earth  and  the  latter  because  of  the  rotation  of 
the  earth.  By  the  laws  of  motion  these  motions,  being  at 
right  angles  to  each  other,  are  mutually  independent,  and 
the  air  will  move  over  both  diatanfes  during  the  interval  of 
time  and  arrive  at  the  point  A",  which  is  east  of  A'.  Con- 
sequently, the  mass  of  air  that  started  straight  northward 
with  respect  to  the  surface  of  the  earth  along  the  meridian 
OA  will  have  deviated  eastward  by  the  amount  A'A". 

The  deviation  for  northward  motion  in  the  northern 
hemisphere  is  toward  the  east;  for  southward  motion,  it 
is  toward  the  west.  In  both  cases  it  is  toward  the  right. 
For  similar  reasons,  in  the  southern  hemisphere  the  devia- 
tion is  toward  the  left. 

The  deviations  in  the  directions  of  air  currents  are  evi- 
dently greater  the  higher  the  latitude,  because  near  the  poles 
a  given  distance  along  the  earth's  surface  corresponds  to 
an  almost  equal  change  in  the  distance  from  the  axis  of 
rotation,  while  at  the  equator  there  is  no  change  in  the  dis- 
tance from  the  earth's  axis.  It  might  be  supposed  that  in 
middle  latitudes  a  moderate  northward  or  southward  dis- 
placement of  the  air  would  cause  no  appreciable  change  in 
its  tlirection  of  motion.  But  a  point  on  the  equator  moves 
eastward  at  the  rate  of  over  1000  miles  an  hour,  at  latitude 
60  degrees  the  eastward  velocity  is  half  as  great,  and  at  the 
pole  it  is  zero.  If  it  were  not  for  friction  with  the  earth's 
surface,  a  mass  of  air  moving  from  latitude  40  degrees  to 
latitude  45  degrees,  a  distance  less  than  350  miles,  would 
acquire  an  eastward  velocity  with  respect  to  the  surface  of 
the  earth  of  over  40  miles  an  hour.  The  prevailing  winds 
of  the  northern  hemisphere  in  middle  latitudes  are  to  the 
northeast,  and  the  eastward  component  has  been  found  to 
be  strong  for  the  very  high  currents. 
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me  [«iiiciples  apply  to  water  ounriits 

Consequently  water  furrtnts,  such  as 

.  to  derwte  toward  the  right  in  the  iiorlhtTn 

It  has  been  found  by  examining  the  Nti»iiti- 

i  rivers  that  the   fonner  to   bouu'  cxtvnt, 

r  to  a  much  greater  extent,  on  the  wliole  scour 

1  banks. 

B  of  the  earth's  rotation  so  far  given  depond 
B  laws  of  motion.  There  is  one  independent  n'n«on 
;  the  earth  rotates,  though  it  falls  a  little  short 
of  proof.  It  has  been  found  by  observations  involving 
taij  geocoetrical  principles  that  the  sun,  moon,  and  planets 
e  eooaparable  to  the  earth  in  sine,  some  Iteing  largt^r  and 
6  aaaDer.  Direct  obser\'atiuns  with  the  tcIesroiK>  show 
t  a  number  of  these  bodies  rotate  on  their  axes,  the  rt^ 
laainder  being  either  very  rejiiote  or  otherwise  unfavorably' 
Htusted  for  observation.  The  conclusion  by  analogy  is 
l^t  the  earth  also  rotates. 

The  Uniformity  of  the  Earth's  Rotation.  —  It  follows 
from  the  laws  of  motion,  .iml  in  piirfiruliir  from  the  first 
,  that  if  the  earth  were  subject  to  no  external  forces  and 
'P  invariable  in  size,  shape,  and  distribution  of  mass,  it 
would  rotate  on  its  axis  with  absolute  uniformity.  Since 
the  earth  is  a  fundamental  means  of  measuring  time  its 
TDlation  cannot  be  tested  by  clocks.  Its  rotation  might  be 
compared  with  other  celestial  phenommia,  but  then  the 
question  of  their  imiformity  would  arise.  The  only  re- 
course is  to  make  an  examination  of  the  possible  forces  and 
changes  in  the  earth  which  are  capable  of  altering  the  rate 
of  its  rotation. 

The  earth  is  subject  to  the  attractions  of  the  sun,  moon, 
and  planets.  But  these  attrat^tions  do  not  change  its  rate 
of  rotation  because  the  forces  pulling  on  opposite  sides 
balance,  just  as  the  earth's  attraction  for  a  rotating  wheel 
whose  plane  is  vertical  neither  retards  nor  accelerates  its 

JDOtioiL. 
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The  earth  is  struck  by  millions  of  small  meteors  daily 
coming  in  from  all  sides.  They  virtually  act  as  a  resisting 
medium  and  slightly  retard  its  rotation,  just  as  a  top  spin- 
ning in  the  air  is  retarded  by  the  molcculps  impinging  on  it. 
But  the  mass  of  the  earth  is  so  largo  and  the  meteors  are  so 
small  that,  at  their  present  rate  of  infall,  the  length  of  the 
day  cannot  be  changed  by  tliis  cause  so  much  as  a  second  in 
100,000,000  years. 

The  moon  and  the  sun  generate  tides  in  the  water  around 
the  earth  and  the  waves  beat  in  upon  the  shores  and  are 
gradually  destroyed  by  friction.  The  energy  of  the  waves 
is  transformed  into  heat.  This  means  that  something  else 
has  lost  energy,  and  a  mathematical  treatment  of  the  sub- 
ject shows  that  the  earth  has  suffered  the  loss.  Conse- 
quently its  rotation  is  diminished.  But  as  great  and  irre- 
sistible as  the  tides  may  be,  their  energies  are  insignificant 
compared  to  that  of  the  rotating  earth,  and  according  to  the 
work  of  MacMillan  the  day  is  not  increasing  in  length  from 
this  cause  more  than  one  second  in  500,000  years. 

Before  discussing  the  effects  of  a  change  in  the  size  of  the 
earth  or  in  the  distribution  of  its  mass,  it  is  necessary  to 
explain  a  very  important  property  of  the  motion  of  rotating 
bodies.  It  can  be  shown  from  the  laws  of  motion  that  if 
a  body  is  not  subject  to  any  exterior  forces,  its  total  quantity 
of  rotation  always  remains  the  same  no  matter  what  changes 
may  take  place  in  the  body  itself.  The  quantity  of  rotation 
of  a  body,  or  mometU  of  momentum,  as  it  is  technically  called 
in  mechanics,  is  the  sum  of  the  rotations  of  all  its  parts. 
The  rotation  of  a  single  part,  or  particle,  is  the  product  of 
its  mass,  its  distance  from  the  axis  of  rotation  passing 
through  the  center  of  gravity  of  the  body,  and  the  speed 
with  which  it  is  moving  at  right  angles  to  the  Une  joining  it 
to  the  axis  of  rotation.  It  can  be  shown  that  in  the  case 
of  a  body  rotating  as  a  solid,  the  quantity  of  rotation  is 
proportional  to  the  product  of  the  square  of  the  radius  and 
the  angular  velocity  of  rotation,  the  angular  velocity  of 
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ttation  being  the  angle  through  which  the  body  turns  in  I 
unit  of  time. 

Now  apply  tliis  principle  of  the  conservation  of  the  mo- 
ment of  momentum  to  the  earth.  If  it  should  lose  heat  and 
shrink  so  that  its  radius  were  diminished  in  length,  then  the 
angular  velocity  of  rotation  would  increase,  for  the  product 
of  the  square  of  the  radius  and  the  rate  of  rotation  must 
be  constant.  On  the  other  hand,  if  the  radio-active  sub- 
stances in  the  earth  should  cause  its  temperature  to  rise  and 
its  radius  to  expand,  then  the  rate  of  rotation  would  de- 
Neither  of  these  causes  can  make  a  sensible  change 
in  the  rotation  in  1,000,000  years.  Similarly,  if  a  river 
rising  in  low  latitudes  should  carry  sediment  to  higher  lati- 
tudes and  deposit  it  nearer  the  earth's  axis,  then  the  rate 
of  rotation  of  the  earth  would  be  increased.  While  such 
'foctors  are  theoretically  effective  in  producing  changes  in 
the  rotation  of  the  earth,  from  a  practical  point  of  view 
they  are  altogether  negligible. 

It  follows  from  this  discussion  that  there  are  some  influ- 
ices  tending  to  decrease  the  rate  of  the  earth's  rotation, 
and  others  tending  to  increase  it,  but  that  they  are  all  so 
Bmall  as  to  have  altogether  inappreciable  effects  even  in  a 
period  as  long  as  100,000  years. 

46.   The  Variation  of  Latitude.  —  It  was  mentioned  in 

Connection  with  the  discussion  of  the  rigidity  of  the  earth 

(Arte.  25,  26),  that  its  axis  of  rotation  is  not  exactly  &xed. 

does  not  mean  that  the  direction  of  the  axis  changes, 

lUt  that  the  position  of  the  earth  itself  changes  so  that  its 

of  rotation  continually  pierces  different  parts  of  its 

race.    That  is,  the  poles  of  the  earth  are  not  fixed  points 

its  surface.     Since  the  earth's  equator  is  90  degrees  from 

poles,  the  position  of  the  equator  also  continually  changes. 

[■■^lierefore  the  latitude  of  any  fixed  point  on  the  surface  of 

i^e  earth   undergoes   continual   variation.     The   fact   was 

jovered  by  very  accurate  determinations  of  latitude,  and 

this  rPAson  is  known  as  the  variation  of  latitude. 
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The  pole  wanders  from  its  n  > 
30  fent,  corresponding  to  a  ciii 
second  of  arc.  This  ia  such  a  m  i 
measured  only  by  the  most   nii 
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nsolutioa  of  forces  (the  inverse  of  tbe 

law)  tbp  force  &loog  OM  ran  be  re- 

aloDg  OE  and  the  other  along  the 

to  OE.    The  former  of  these  two 

the  rotation  ;  the  latter  tends  to  move 


e  in  the  direction  OB,  and  this  tendency,  combined 

6  velocity  0.4,  causes  it  to  move  in  the  direction  OC 

lage  is  greatly  exaggerated).     Therefore  the  tiirec- 

I  motion  of  0  is  changed ;    that  is,  the  plane  of  the 

B  changed. 
|aoon,  however,  attractsevery  particle  in  the  equatorial 
f  the  earth,  and  its  effects  vary  with  the  position  of 
ticlee.  It  can  be  shown  by  a  matheniatica!  disciia- 
Wt  cannot  be  taken  up  here  that  the  combined  effect 
eoitire  bulge  is  to  chunKC  the  plane  of  the  equator.  It 
ident  from  Fig.  31  that  the  effect  vanishes  when  tho 
FtAoon  is  in  the  plane  of  the  earth's  equator.  Therefore  it 
I  ifl  natural  to  take  the  plane  of  the  moon's  orbit  as  a  plane  of 
reference.  These  two  planes  intellect  in  a  certain  line  whoso 
position  ■■liangi's  :is  llir  jil;nir  nf  llift^irrirn  equator  is  shifted. 
The  plane  of  the  earth's  equator  shifts  in  such  a  way  that 
the  angle  between  it  and  the  plane  of  the  moon's  orbit  is 
constant,  while  the  line  of  intersection  of  the  two  planes  ro- 
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pendulum  which  n;ii . 
starts  from  rest  am! 
whose  period  is  two  ( 
moving,  not  like  an 
oscillation   in   two    ti 
oscillation  having  an 
natural  period,  or  on. 
Euler  showed  aboti; 
rigid  the  natural  pec 
days.     The  iniTPi,- 
that  the  earth  yii'M 
Many  parts  of  l[. 
in  climate  duriii}r  y 
gested  that  thcsi'  _ 
duced  by  the  wandi 
forces  which  couitt  pi 
than  those  which  lull 
dlightt'st  probabilifA' 
far  from  thoir  prcsi'-n 
47.  Precession  ol 
is  one  morp  phciKi 
with  the  rotation  atj 
the  poles  of  the 
now  the  changes  i| 
the  stars  are  und(>r 

The  axis  of  the 
forces  exterior  tO' 
to  which  the 
and  sun.     If  th? 
have  no  effect 
gives  rise  to  very 
Let  O,  Fife.  3W; 
oblate  earth, 
meridian  which 
in  the  direction 
The  attraction  ol 
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be  particularly  important  if  it  were  not  for  the  further  fact 
that  the  plane  of  the  moon's  orbit  has  a  sort  of  precession 
with  respect  to  the  ecHptic,  completing  a  cycle  in  18.6  years. 
This  introduces  a  variation  in  the  character  of  the  precession 
which  is  periodic  with  the  same  period  of  18.6  years.  This 
variation  in  the  precession,  which  at  its  maximum  amounts 
to  9.2  seconds  of  arc,  is  called  the  nutation.  It  was  dis- 
covered by  the  great  English  astronomer  Bradley  from  ob- 
servations made  during  the  period  from  1727  to  1747.  The 
cause  of  it  was  first  explained  by  D'Alembert,  a  famous 
French  mathematician. 

V.  QUESTIONS 

1.  Which  of  the  proofs  of  the  rotation  of  the  earth  depend  upon 
the  laws  of  motion  ? 

2.  Give  three  practical  illustrations  (one  a  train  moving  around 
a  curve)  of  the  first  law  of  motion. 

3.  Give  three  illustrations  of  the  second  law  of  motion. 

4.  Why  is  the  kick  in  a  heavy  gun,  for  a  given  charge,  less  than 
in  a  light  gun? 

5.  If  a  man  fixed  on  the  shore  pulls  a  boat  by  a  rope,  do  the 
interactions  not  violate  the  third  law  of  motion  ? 

6.  For  a  body  falling  from  a  given  height,  in  what  latitude  will 
the  eastward  deviation  be  the  greatest  ? 

7.  For  what  latitude  will  the  rotation  of  the  Foucault  pendulum 
be  most  rapid,  and  where  would  the  experiment  fail  entirely  ? 

8.  In  what  latitude  will  the  easterly  (or  westerly)  deviation  of 
wind  or  water  currents  be  most  pronounced? 

9.  Is  it  easier  to  stop  a  large  or  small  wheel  of  the  same  mass 
rotating  at  the  same  rate  ? 

10.  If  a  wheel  rotating  without  friction  should  diminish  in  size, 
would  its  rate  of  rotation  be  affectod  ? 

11.  Are  boundaries  that  are  defined  by  latitudes  affected  by  the 
wabbling  of  the  earth's  axis  ?    By  the  precession  of  the  equinoxes  ? 

12.  Would  the  precession  be  faster  or  slower  if  the  earth  were 
more  oblate?    If  the  moon  were  nearer?    If  the  earth  were  denser? 
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tatea  in  the  direction  opposite  to  that 
turns  on  its  axis. 
The  plane  in  which  the  sun  moves  k 

the  ecliptic,  and  the  moon  is  always  m:- 
the  moment  neglect  its  departure  f«ii. 
ecUptic.     Then  the  moon,  and  the  siui 
line  of  the  intersection  of  the  plane  m 
and  the  plane  of  the  ecUptic,  called  tlif 
to  rotate  in  the  direction  opposite  to 
the  earth.     This  is  the   precession 
fifths  of  which  is  due  to  the  moon  ;■' 
due  to  the  sun.     Since  the  axis  of  Ui-- 
to  the  plane  of  its  equator,  the  point  i 
the  axis  is  directed  describes  a  cirdf 
The  mass  of  the  earth  is  so  great 
relatively  so  small,  and  the  forces  dl 
are  so  feeble  that  the  precession  is  vi 
to  50.2  seconds  of  arc  per  year,  fr. 
the  hne  of  the  equinoxes  will  maki 
after  more  than  25,800  years  have 
The  precession  of  the  equinox' 
parchus  about  120  B.C.  from  a  i 
tions  with  those  made  by  earlier 

of  it  was  not  known  until  it  w>^ 
1686,  in  his  Principia.     The  tlic 

the  precession  are  in  jierfect  har-^ 

and  the  weight  of  thiw  s(;(t-pm- 

it  is  remembered  that  thr  r-i\. 

of  the  earth,  its  density,  iln 

laws  of  motion,  the  rate  uf  r.jt  , 

ne.'is,  the  distances  to  the  mon        ,^„ 

tions  with  respect  to  the  earll 
The  moon  does  not  mov 

ecliptic,  but  deviates  from 

consequently  the  precession  • 

with  respect  to  the  ecHptii' 


•  the       1 


.  •!!■<■  lit'  optical 
judiiit  times. 


.  .villi  nvn*'*  W"  ^l"*  Htara. 

,ri.'  seen  directly  south 

The  sun  is  therefore 

,  .ijivalent,  the  stars  in 

A  month  later  at  8 

^  be  found  to  be  30° 

in  the  evening  tne 

^/theSttware  120^-30" 

""  liuriOS  *  month  the  sun 

[^^  Tritb  reupeot  to  the  stars. 

or  not  ^^^  ^"°'^  apparent 
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"luccil  by  its  actual  motion  around 

shown  that  the  hjrpothesis  that  it 

i  the  earth  satisfies  all  the  data  so  far 

Ey   Fig.    32,    represents    the   earth, 

:  Ni  the  position  of  the  sun  at  a  certain 

ni  the  earth  it  will  appear  to  be  on  the  sky 

it  Si.    Suppose  that  at  the  end  of  25  days 

vf'd  forward  in  a  path  around  thfe*  earth  to 

. ;  it  will  then  appear  to  be  among  the  stars  at 

it  will  appear  to  have  moved  eastward  among 

jXTfect  accordance  with  the  observations  of  its 


— ■       ••tion. 


o\v  l3e  shown  that  the  same  observations  can  be 
«»mpletely  by  the  hypothesis  that  the  earth  re- 


T'lo.  33.  —  The  hypothesis  that  the  onrth  revolves  around  the  sun  explains 
the  apparent  eastward  motion  of  the  sun  with  respect  to  the  stars. 

volvea  around  the  sun.  Let  S,  Fig.  33,  represent  the  sun, 
assumed  fixed,  and  suppose  Ei  is  the  position  of  the  earth  at 
a  certain  time.  The  sun  will  appear  to  be  among  the  stars  at 
Si'.  Suppose  that  at  the  end  of  25  days  the  earth  has  moved 
forward  in  a  path  around  the  sun  to  Eo ;  the  sun  will  then 
appear  to  be  among  the  stars  at  Si^  That  is,  it  will  appear 
to  have  moved  eastward  among  the  stars  in  perfect  accord- 
ance with  the  observations  of  its  apparent  motion.  It  is 
noted  that  the  assumed  actual  motion  of  the  earth  is  in  the 
direction  as  the  sun^«»  apparent  motion ;  or,  to  explain 
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II.  The  Revolution  of  the  EabutI 

48.  Relative  Motion  of  the  Earth  with  Res. 
Sun.  —  The  diurnal  motion  of  tbe  sun  is  so  obvm 
most  careless  observer  fully  undorytauds  it.     ' 
so  well  known  that  the  sun  has  an  apparent  pil^' 
among  the  stars  analogous  to  that  of  the  monii 
one  has  noticed.     The  reason  that  people  an- 1 
with  the  apparent  motion  of  the  sun  is  thn 
be  observed  in  its  neighborhood  without  telc 
besides,   it  moves  slowly.     However,   thc 
parently  moves  can  be  established  without 
instruments;    indeed,  it  was  known  in  v. 


Fiu.  32.  — The  hypothesis  that  the  sim  if  . 

ah 

■\Me 

the  apparent  eaatward  motion  of  the  s 

'•itioaof 

Suppose  on  a  given  date  certain  -     i 

ir 

..-«  waa 

on  the  meridian  at  8  o'clock  at        1 

!)< 

t'Mown  as 

120°  west  of  the  star;   or,  wh: 

.inlaid  of 

question  are  120°  east  of  th( 

hi:  density 

o'clock  at  night  the  observed 

west  of  the  meridian.     Since : 

. 

..iKlBStUHuit; 

sun  is  120°  west  of  the  m«            i 

1^ 

lnWtt.    Suppose 

=  90°  ea-st  of  the  sun.     Tb            , 

..luUfiL^nu'wlmt 

apparently  has  moved  30°  et             I 

^^^ 

^^HBk  throuch 

The  question  arises  wh( 
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the  apparent  motion  of  the  aim  by  the  motion  of  the  earth, 
the  earth  must  be  supposed  to  move  eastward  in  its  orbit. 

Since  all  the  data  satisfy  two  distinct  and  mutually  con- 
tradictory hypotheses,  new  data  must  be  employed  in  order 
to  determine  which  of  them  is  correct.  The  ancients  had 
no  facts  by  which  they  could  disprove  one  of  these  hypotheses 
and  estabUsh  the  truth  of  the  other. 

49.  Revolution  of  the  Earth  Proved  from  the  Laws  of 
Motion.  —  The  first  actual  proof  that  the  earth  revolves 
around  the  sun  was  based  on  the  laws  of  motion  in  1686, 
though  the  fact  was  generally  believed  by  astronomers 
somewhat  earlier  (Art.  62).  It  must  be  confessed  at  once, 
however,  that  the  statement  requires  a  slight  correction  be- 
cause the  Sim  and  eiirth  actually  revolve  around  the  center 
of  gravity  of  the  two  bodies,  wliich  is  very  near  the  certter  of 
the  sun  because  of  the  sun's  relatively  enormous  mass. 

It  can  be  shown  by  measurements  that  have  no  connec- 
tion with  the  motion  of  the  sim  or  earth  that  the  volume  of 
the  sun  is  more  than  a  million  times  that  of  the  earth.  Hence, 
unless  it  is  extraordinarily  rare,  its  mass  is  much  greater 
than  that  of  the  earth.  In  view  of  the  fact  that  it  is  opaque, 
the  only  sensible  conclusion  is  that  it  has  an  appreciable 
density.  Hence,  in  the  motion  of  the  earth  and  sun  around 
their  common  center  of  gravity,  the  stm  is  nearly  fixed  while 
the  eartli  moves  in  an  enormous  orbit. 

50.  Revolution  of  the  Earth  Proved  by  the  Aberration  of 
Light.  —  The  second  proof  that  the  earth  revolves  was 
made  in  1728  when  Bradley  discovered  what  is  known  as 
the  aherralion  of  light.  This  proof  has  the  advantage  of 
depencUng  neither  on  an  assumption  regarding  the  density 
of  the  sun  nor  on  the  laws  of  motion. 

Suppose  rain  falls  vertically  and  that  one  stands  still  in  it ; 
then  it  appears  to  him  tiiat  it  comes  straight  down.  Suppose 
he  walks  rapidly  through  it ;  then  it  appears  to  fall  somewhat 
obliquely,  striking  him  in  the  face.  Suppose  he  rides  through 
it  rapidly ;  then  it  appears  to  descend  more  obliquely. 
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In  or-ier  i-:»  fse:   hi  tL*  nir.rr  .v.:V.:-.-. 
Fie.  34.  i*  h  rutie  m  re^:  -B-ri::.  >  •.    ■- 

-  *  ■    ■ 

L«  a  T-'yr»e  wrdcL  ii-  i:»fdri£  c-irrl*^-.:  :•;•  ::.?   ric":.:  N>i::'.  :v,v\i.  :..'.^ 

5pee«i.     1\  is  evident  ihat  ihv  :u:v  n;;>:  :^    :.!:i\i  ^'.i^^'./.v 

in  the  direction  of  iiK»tic»n.    Supj^'so 

the  tuh»e  Tz  i*  being  trjoisporteil  still       | 

more  rapidly:    it    must    V»e   givon    a      " 

greater  deviation   from   the  vortii-al.    •"; 

The  distance  A/7t  is  the  lii-^tanoe  ihr      i 

tube  moves  while  the  drop  desoonvU   .-  ' 

its  length.     Hence  A^Ci  is  to  B:X^  as      i 

the  velocitv  of  the  tube  is  to  tho  vo- 

locity of  the  drops.     From  the  givtii 

velocity  of  the  rain  and  the  voloiity 

of  the   tube  at  right   angles    to  \\\v 

direction  of  the  rain,  the  an^lc  of  tiir  (Irxi.nion  Iiimw  ilu 

vertical,  namely  AzB^Czj  ran  ho  coinpiitrtl. 

Now  suppose  light  from  a  (li>tant   .^tai-  i-  r^^\\  hln..!  lu 
stead  of  falling  rain,  and  l(»t  tlio  t»il>r  rrpir-iMJt  ;i  trh   ,,»p,' 
Ml  the  relations  will  be  qualitatively  ;i-  In   iln*  pir, ,  .Ium-. 
case  because  the  velocity  of  li^ht   i^  in)i   inruuh-      In  i  u  » 
it  has  b€?en  found  by  oxperinK'iit"^  on  tin-  I'.nili.  win.  li  m  n,» 
way  depend  upon  astronomical  oli.-crwiiion-  m   ilit(»i\  .  tli  ii 
light  travels  in  a  vaouimi  at  the  rale  i)l"  Isi;. ;;;:()  mil.     ].,  i 
second.     Hence,  if  the  earth  iiionc-.  .-i.ii'       li«»uM    .ipp. u 
displaced  in  the  direction  of  its  nmiion.  ihc  .-iniunni  oi   ih, 
displacement  depending  tipon  tlu-  xdrxiiN  ol  ihr  r.iiih  .m.l 
the  velocity  of  light.     Bradley  ()i)-<'r\<"'l    inh  di  pI.nM-inmi.'.. 
at  one  time  of  the  year  in  one  (lircciinii  ;iii(|    i\  tiimiiii    l.iiri, 
when  the  earth  was  on  tin    otln-r  -i<le  nf  ii     j.ihii,  in  i In- 
opposite  direction.     The  inaxinnun  di-pl.'icemnii   nl"  ;i   -.(Mr 
for  this  reason  is  20.47  second-  <>i'  .-ifc  whirh,  ;ii  the  pre.-.ent 
time,  is  verj'  easy  to  oi»-eive  hec.ni-e  ni'-.i-iuement  ^  tt\  po- 
ation  are  now  accurate  to  one  hun'ln.dth  of  tlii.s  amount. 
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L  ik  M  a  i|itaatily  which  does  not  depend  on  the 

e  of  the  star,  and  it  can  be  checked 

8  ss  may  be  desired. 

K  rf  B^t  not  only  proves  the  revolution  of 

MBilh  talt  ftWBMKt  enables  the  astronomer  to  compute 

I  the  earth  moves.     The  result  is  ac- 

r  tenth  of  one  per  cent.     Since 

i  tbe  sun  is  known,  this  result  gives 

■AhmW  «f  t)w  «ilTth's  orbit,  from  which  the  dis- 

a  tbe  Sim  can  be  computed.     The  dis- 

k  4i  t||»  9ML  as  faaad  in  this  way  agrees  very  closely 

i  fegr  tMiker  methods. 

.  a  HoaU  aberration  due  to  the  earth's 

h.  fer  a  iKitDt  on  the  earth's  equator,  amounts 

»<|iSl  i«i»nd  of  arc. 

h  «t  tiM  Euth  Proved  by  tbe  Parallax  of 

i.  —  11k»nw4  dinvt  method  of  testing  whether  or 

»  t$  tw  find  whether  the  direction  of  a 

^  ^  tk»  «MW  «k**  obspn'ed  at  different  times  of  the 

»  first  nw'lhod  tried,  but  for  a  long  time 

t  «ki»  sfcufs  are  exceedingly  remote.     Even 

t  of  ntodem  instrumental  equipment 

e  known  which  are  so  near  that  their 


l!b*.  «^— TW  ruiJtu  ol  Aia  the  angle  fi,Af,. 

k  M  ififferent  times  of  the  year  can  be 

(  ^«ih  »•.»  ♦wwMwable  accuracy.     Yet  the  obser- 

i  iM  »  ««w«l«f»ble  number  of  cases  and  reiiily 

ft  «f  iKe  «irth  by  purely  geometrical  means. 

^^^  MC^"  'Jiil^"*'^'  S"  ttirection  of  a  star  as  seen  from 

M^MMft'**  ^  mvtli's  orlnt.  which,  in  the  direction  per- 

^^^^  %»  ll*  fin*  to  the  star,  are  separated  from  each 
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Pother  by  the  distance  from.t^e-.earth  to  the  sun,  is  the  par- 

c  of  the  star.     In  Fig.  35"  let  S  represent  the  sun,  A  a 

l«tar,  and  Et  and  Ei  two  positione  frf  the  earth  such  that  the 

V£ne  EiEt  ia  perpendicular  to  SA  bjmI  such  that  E1E2  equals 

■£i5.     Let  EiB  be  paralld  to  EU'.     Then,  by  definition, 

the  angle  AE^B  is  the  parallax  of  A.-   This  angle  equals 

EiAEs.     Therefore  an  alternative  definitiOE  of  the  parall^ 

of  a  star  is  that  it  is  the  angle  subtended  by  the  radius  of 

_  the  earth's  orbit  as  seen  from  the  star. 

It  is  obvious  that  the  parallax  is  smaller  the  fllore  remote 
the  star.  The  nearest  known  star,  Alpha  Centiiiui,  in  the 
southern  heavens,  has  a  parallax  of  only  0.75  second  of  are, 
from  which  it  can  be  shown  that  its  distance  is  275,000-tUues 
as  great  as  that  from  the  earth  to  the  sun,  or  About 
26,600,000,000,000  miles.  Suppose,  a  point  of  Ught  is  seen 
first  with  one  eye  and  then  with  the  other.  If  its  distance 
from  the  observer  is  about  11  miles,  tlien  its  difference  in 
direction  as  seen  with  the  two  eyes  is  0.75  second  of  arc,  the 
parallax  of  Alpha  Centauri.  This  gives  an  idea  of  the 
difficulties  that  must  be  overcome  in  order  to  measure  the 
distance  of  even  the  nearest  star,  especially  when  it  is  re- 
called that  the  observations  must  be  extended  over  several 
months.  The  first  success  with  this  method  was  obtained 
by  Henderson  about  1840. 

62.  Revolution  of  the  Earth  Proved  by  the  Spectroscope. 
—  The  spectroscope  is  an  instrument  of  modem  invention 
which,    among   other   things,    enables   the    astronomer   to 
determine  whether  ho  and  the  source  of  fight  he  may  be  ex- 
amining are  relatively  approaching  toward,  or  receding  from, 
each    other.     Moreover,    it   enables    him    to    measure   the 
speed  of  relative  approach  or  recession  irrespective  of  their 
distance  apart.     (Art.  226.) 
^P       Consider  the  observation  of  a  star  A,  Fig.  36,  in  the  plane 
^^^  the  earth's  orbit  when  the  earth  is  at  Ei,  and  again  when 
^Ht  is  at  El.     In  the  first  position  the  earth  is  moving  toward 
^Klhe  star  at  the  rate  of  18.5  miles  per  second,  and  in  the  second 

m        1  1 
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position  it  is  moving  away.froSa'the  star  at  the  same  rate. 
Since  in  the  case  of  many  staj^'the  motion  can  be  determined 
to  within  one  tenth  of  a-mjle  per  second,  the  observational 
difficulties  are  not  sejiooij.  If  the  star  is  not  in  the  plane 
.  ._  of  the  earth's  orbit,  a  eor- 

.■•  ■  »«    rection  must  be  made  in 

- "  ■. '  order  to  find  what  fraction 

of  the  earth's   motion  is 
Fin.  38.  —  Motfoo_  of  the  earth  toward   toward  or  from  the  Star. 
A^i  from  a  Btar.  r^^^  method  is  independ- 

ent of;tili_e  distance  of  the  star  and  can  be  applied  to  all 
stars  ,Yhich  are  bright  enough  except  those  whose  directions 
from  \he  sun  are  nearly  perpendicular  to  the  plane  of  the 
eiiith^  orbit. 

'Since  1890  the  spectroscope  has  been  so  highly  perfected 
that  the  spectroscopic  proof  of  the  earth's  revolution  has  been 
made  with  thousands  of  stars.  Tiiis  method  gives  the 
earth's  speed,  and  therefore  the  circumference  of  its  orbit 
and  its  distance  from  the  sun.  It  should  be  stated,  however, 
that  the  motion  of  the  earth  was  long  ago  so  firmly  estab- 
lished that  it  has  not  been  considered  necessary  to  use  the 
spectroscope  to  give  additional  proof  of  it.  Rather,  it  has 
been  used  to  determine  how  the  stars  move  individually 
(Art.  273)  and  how  the  sun  moves  with  respect  to  them  as  a 
whole  (Art.  274).  In  order  to  obtain  the  motion  of  a  star 
with  respect  to  the  sun  it  is  sufficient  to  observe  it  when 
the  earth  is  at  E,  Fig.  36.  Then  correction  for  the  earth's 
motion  can  be  applied  to  the  observations  made  when  the 
earth  is  at  E^  or  E-. 

63.  Shape  of  the  Earth's  Orbit.  —  It  has  been  tacitly 
assumed  so  far  that  the  earth's  orbit  is  a  circle  with  the  sun 
at  the  center.  If  this  assumption  were  true,  the  apparent 
diameter  of  the  sun  would  be  the  same  all  the  year  because 
the  earth's  distance  from  it  would  be  constant.  On  the 
other  hand,  if  the  sun  were  not  at  the  center  of  the  circle,  or 
if  the  orbit  were  not  a  circle,  the  apparent  size  of  the  sun 
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would  vary  with  changes  in  the  earth's  distance  from  it.  It 
is  clear  that  the  shape  of  the  earth's  orbit  can  easily  b« 
establiBhed  by  observation  of  the  apparent  diameter  and 
position  of  the  sun. 

It  is  found  from  the  changes  in  the  apparent  diameter  of 
the  sun  that  the  earth's  orbit  is  not  exactly  a  circle.  These 
changes  and  the  apparent  motion  of  the  sun  together  prove 
that  the  earth  moves  around  it  in  an  elliptical  orbit  which 
differs  only. a  Uttle  from  a  circle.  An  ellipse  is  a  plane  curve 
such  that  the  sum  of  the  chstances  from  two  fixed  points  in 
its  interior,  known  as  foci,  to  any  point  on  its  circumference 
is  always  the  same. 

In  Fig.  37,  E  represents  an  ellipse  and  F  and  F'  its  two 
foci.  The  definition  of  an  ellipse  suggests  a  convenient  way 
of  drawing  one.  Two 
pins  are  put  in  drawing 
paper  at  a  convenient 
distance  apart  and  a 
loop  of  thread  some- 
what longer  than  twice 
this  distance  is  placed 
over   them.      Then    a  F.o.  37.  -  An  dii„8e, 

pencil  P  is  placed  inside  the  thread  and  the  curve  is  drawn, 
keeping  the  thread  taut.  The  curve  obtained  in  this  way  is 
obviously  an  ellipse  because  the  length  of  the  thread  b 
constant,  and  this  means  that  the  sum  of  the  distances 
from  F  and  F'  to  the  pencil  P  is  the  same  for  all  points  of 
the  curve. 

M.  Motion  of  the  Earth  in  Its  Orbit.  —  The  earth  moves 
in  its  orbit  around  the  sun  in  such  a  way  that  the  line  drawn 
from  the  sun  to  the  earth  sweeps  over,  or  describes,  equal 
in  equal  intervals  of  time.  Thus,  in  Fig.  38,  if  the 
three  shaded  areas  are  equal,  the  intervals  of  time  required 
for  the  earth  lo  move  over  the  corresponding  arcs  of  its  orbit 
are  also  equal.  This  implies  that  the  earth  moves  fastest 
when  it  is  at  P,  the  point  nearest  the  sun,  and  slowest  when 
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^H           posilini: 
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^B        Sinro 
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T  vplaim^  without  some  rather  for- 
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diaii). 

the  < 

'  riilection.     Suppose  a  body  is  at 

other 

,[,,  ilifcction  PT*.     If  its  speed  is 

if  tht' ' 

Uifug"'  acceleration  balances  the 
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attraction  of  the  sim,  it  will  revolve  around  the  sun  in  a 
circle. 

But  BUppoee  the  initial  velocity  is  a  little  greater  than  that 
required  for  motion  in  a  circular  orbit.  In  this  case  the  sun's 
attraction  does  not  fully  counterbalance  the  centrifugal 
acceleration,  and  the  distance  of  the  body  trom  the  sun 
increases.  Consider  the  situation  when  the  body  has 
moved  around  in  its  orbit  to  the  point  Q.  At  this  point  the 
centrifugal  acceleration  is  still  greater  than  the  attraction 
of  the  sun,  and  the  distance  of  the  body  from  the  sun  is 
increasing.  It  will  be  observed  that  the  sun's  attraction  no 
longer  acts  at  right  angles  to  the  direction  of  motion  of  the 
body,  but  that  it  tends  to  diminish  its  speed.  It  can  be 
shown  by  a  suitable  mathematical  discussion,  which  must  be 
omitted  here,  that  the  diminution  of  the  speed  of  the  body 
more  than  offsets  the  decreasing  attraction  of  the  sun  due  to 
the  increasing  distance  of  the  body,  and  that  in  elliptical 
orbits  a  time  comes  in  which  the  attraction  and  the  cen- 
trifugal acceleration  balance.  Suppose  this  takes  place 
when  the  body  is  at  R.  Since  its  speed  is  still  being  dimin- 
ished by  the  attraction  of  the  sun  from  that  point  on,  the 
attraction  will  more  than  counterbalance  the  centrifugal 
acceleration.  Eventually  at  A  the  distance  of  the  body  from 
the  sun  will  cease  to  hicrease.  That  is,  it  will  again  be  mov- 
ing at  right  angles  to  a  hne  joining  it  to  the  sun ;  but  its 
velocity  will  be  so  low  that  the  sun  will  pull  it  inside  of  a  cir- 
cular orbit  tangent  at  that  point.  It  will  then  proceed 
back  to  the  point  P,  its  velocity  increasing  as  it  decreases  in 
distance  while  going  from  A  to  P.  The  motion  out  from  the 
sun  and  back  again  is  analogous  to  that  of  a  ball  projected 
obliquely  upward  from  the  surface  of  the  earth;  its  speed 
decreases  to  its  highest  point,  and  then  increases  again  as  it 
it  descends. 

66.  IncllnatioQ  of  the  Earth's  Orbit.  —  The  plane  of  the 
earth's  orbit  is  called  the  plane  of  the  ecliptic,  and  the  line  in 
which  this  plane  intersects  the  sky  is  called  the  ecliptic.    In 
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The  pale  of  tiv  ediplie  i^MH  ind.  Am  m  cBatgumn  af 
the  preenwm  oT  the  cqnaoBB  tbr  pofe  P  dcambes  a  orIp 
aroimd  it  with  a  ladiiM  of  23u5  ikcitu.  and  Uw  duvcoon  of 
the  motkin  is  fippoHte  to  tl«S  erf  thr  cfincuon  of  thp  nxrtioD  of 
the  earth  around  the  mn.  Or,  thr  poinu  A  and  1'.  witirh  are 
the  equincncB,  contiinialljr  wavr  faaekward  along  the  ecliptic 
in  the  direction  opfioaite  to  that  of  the  revohition  of  the  carih. 

W.  Caoae  of  the  Smmob.  —  Let  the  uMier  part  of  the 
earth  E,  Fig.  39,  tepteaent  its  nmth  pole.  When  the  mrth 
IB  at  El  its  nmih  pofe  is  turned  away  from  the  sun  $<.)  that 
it  is  in  otmtinual  darknesa;  but,  on  the  other  hand,  tho 
south  p(de  is  ecmtinually  iDuminated.  \t  this  time  of  the 
year  the  Dmihem  bemispbeie  has  its  winter  and  the  south- 
cm  hemiqihere  its  summer.  The  conditions  are  re\Ti^>tl 
when  the  enrth  is  at  E,.  When  the  earth  is  at  £*  the  plane 
of  its  equator  panes  through  the  sun.  and  it  is  the  spring 
seascm  in  the  northera  hemisphere.  Similarly,  when  the 
earth  is  at  £4  the  equator  also  passes  through  the  tiun  .tiul 
it  is  autumn  in  the  northern  hemisphere. 

Consider  a  point  in  a  medium  northern  latitude  when  the 
earth  ia  at  Ei,  and  the  same  position  again  when  the  earth  is 
at  Et.  At  El  the  sun's  mys, 
when  it  is  on  tiie  meridian, 
strike  the  surface  of  the  earth 
at  the  point  in  question  more 
obliquely  than  when  the  earth  . 
is  at  £|.  Their  intensity  is, 
therefore,  less  in  the  former 
case  than  it  is  in  the  hitter ; 
for,  in  the  former,  the  rays 
whose  cross  section  is  PQ, 
Fig.  40,  are  spread  out  over 
'  the  distance  AB,  while  in  the  latter  thoy  extend  over  thn 
smaller  distance  A'B,  This  fact,  and  the  varinliotis  in  th» 
nimiber  of  houre  of  simshine  per  day  (Art.  58),  oouso  tho 
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>jf  th«  Position  of  tbe  Celestial  Pole  to  the 
«C  d»  Observer.  —  In  order  to  make  clear  the 
^■rtain  additional  factors,  eonsider  the 
•  ibe  celestial  pole  as  seen  by  an  ob- 
:*■.  Since  the  pole  is  the  place  where 
fxtended,  pierces  the  sky,  it  is  obvious 
*'T  if  the  earth,  the  celestial 

'■.1^  the  celestial  pole  would 

\^^l  •  on  the  equator  of  the 

^\v  lass  through  hie  zenith, 

i-s  his  horizon,  north  and 

Iff  II,  in  latitude  I  degrees 

i"P   points  toward  the 


oaIe«tial  pol«  equals  tba  latitude  of  the 


ivs,t,rt  jK"*^  «.>f  »he  sky.  Since  the  sky  is  extremely  far  away 
. s-^iiiKi-xNt  H*  tti*  dimenaionB  of  the  earth,  the  line  from  O 
^,  ,v  vviwii*!  pole  is  essentially  parallel  to  P'P.  The  angle 
v^**'-*-**  <h^  Inline  of  the  horison  and  the  line  to  the  pole 
*  ,*:M  ih»  iJtitude  of  the  pole.    SiDce  ON  is  perpendicular 
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to  EO,  and  P'P  is  perpendicular  to  EQ,  it  follows  that  a 
equals  I,  or  the  altitude  of  the  pole  equals  Ihe  latilvde  of  the 


Consider  also  the  altitude  of  the  equator  where  it  croBsea 
the  meridian  directly  south  of  the  observer.  It  is  represented 
by  b  in  the  diagram.  It  easily  follows  that  6  =  90°  —  /, 
or  the  altitude  of  the  equator  where  it  crosses  the  meridian 
equals  90°  minuH  thr  latitude  of  the  observer. 

68.  The  Diurnal  Circles  of  the  Sun.  ^  It  is  evident  from 
Fig.  39  that  when  the   earth   is   in   the   position   Ei,  the 

a  is  seen  south  of  the  celestial  equator ;  when  the  earth  is 
at  E2  or  Ei,  the  sun  appears  to  be  on  the  celestial  equator ; 
and  when  the  earth  is  at  Ea,  the  sun  is  seen  north  of  thn  ce- 
lestial equator.  If  the  equator  is  taken  as  the  line  of'Vfur- 
ence  and  the  apparent  motion  of  the  sun  is  considered,  its 


p'^*:^ 

/omtw        f 

Fig.  42.  — Relutiou  of  ocliptin  and  oeloatiul  cciiintor, 

position  with  respect  to  the  equator  is  represented  in  Fig. 
42.  The  sun  appears  to  be  at  V  when  the  earth  is  at  E3, 
Fig.  39.  The  point  V  ie  called  the  vernal  equinox,  and 
the  sun  has  this  position  on  or  within  one  day  of  March  21. 
The  sun  is  at  S,  called  the  summer  solstice,  when  the  earth  is 
at  Ei,  Fig.  39,  and  it  is  in  this  position  about  June  21. 
The  sun  is  at  A,  called  the  autumnal  equinox,  when  the  earth 
is  at  Ei,  and  it  has  this  position  about  September  23.  Finally, 
the  sun  is  at  W ,  which  is  calletl  the  winter  solstice,  when  the 
earth  is  at  ffj.  The  angle  between  the  echptic  and  the 
equator  at  V  and  A  is  23''.5 ;  and  the  perpendicular  dis- 
tance between  the  equator  and  the  ecliptic  at  N  and  W  is 
23". 5.  From  these  relations  and  those  given  in  Art.  57  the 
diurnal  paths  of  the  sun  can  readily  be  constructed. 
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67.  Relation  of  the  Position  of  the  Celestii 
Latitude  of  the  Observer.  *-  In  order  to  n 
climatic  effects  of  certain  additional  factor 
apparent  position  of  the  celestial  pole  as  ■ 
server  in  any  latitude.     Since  the  pole  is  ■ 
the  axis  of  the  earth,  extended,  pierces  the 
that,  if  an  observer  were  at  a  pole  of  the  t-.- 
equator  would  be  on  his  horizon  and  the  c 
be  at  his  zenith ;    while,  if  he  were  on  1 1 
earth,  the  celestial  equator  would  pass  t' 
and  the  celestial  poles  would  be  on  hi?  > 
eouth. 

Consider  an  observer  at  0,  Fig.  41,  i 
nortn  of  the  equator.     The  line   P't 
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Suppose  the  observer  is  in  north  latitude  40" 
Fig.  43,  represent  his  position,  and  suppose  his 
iS  W  NE,  where  the  letters  stand  for  the  four  card' 
Then  it  follows  from  the  relation  of  the  altitude 
to  the   latitude 
server  that    A'^ 
represents  the  ■ 
Likewise  SQ,  W 
sents  the  plaoi- 
equator  cros* 
is 50°.   The''. 
where  90  d' 
pole    and   i  • 
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Fio.  43.  —  Diurnal  ciroIoB  of  the 

equator  ; 

Since  it  takes  six  months  for  it  to  mov 

motion  in  one  day  is  very  small  and  ma> 

present  discussion.     Hence,  without  scr 

supposed  that  the  sun  is  on  the  equatoi 

is  the  case,  its  apparent  diurnal  patli 

of  the  earth,  is  EQWQ',  Fig.  43.     ll 
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time  below  it.     This  is  true  whattf 
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greater  the  nearer  he  is  to  the  eartl 

Suppose  now  that  it  is  June  21 

summer  solstice  5,  Fig.  42.     Il 

equator  and   will   have  essenti; 

equator  all  day.     The  diurnjil 

is  EiQ,W,Qi',  Fig.  43,  which  is 

north  of,  the  equator.     In  th' 

the  east  point  by  the  angle  E 
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iiid  from  observations  of  the 


iameter  of  the  sun  that  the  earth  is  at  its  peri- 

>r  about  January  3,  and  at  its  aphchon  on  or  about 

It  follows  from  the  way  the  earth  describes  its 

^  explained  in  Art.  54,  that  the  time  required  for  it 

•  t'  from  P  to  Q,  Fig.  44,  is  exactly  equal  to  thot 

nil  for  it  to  move  from  Q  to  P.    But  the  line  joining 

vernal  and  autumnal  equinoxes,  which  posses  through 

'  sun,  is  nearly  at  right  angles  to  the  hne  joining  the 

■lihelion  and  aphelion  point<i,  and  is  represented  by  VA, 

1-  ig.  44.    Since  the  area  swept  over  by  the  radius  from  the 

sun  to  the  earth,  while  the  earth  is  moving  over  the  arc 
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the  surface  perpendicularly.  The  intensity  of  sunligh 
the  earth's  equator  when  the  sun  is  at  the  zenith  ie 
tunes  its  maximum  intensity  at  the  earth's  poles;  and 
amount  received  per  unit  area  on  the  equator  in  a  w 
year  is  about  2.5  times  that  received  at  the  poles. 

If  the  obliquity  of  the  ecliptic  were  zero,  the  sun  w 
pass  every  day  through  the  zenith  of  an  observer  at 
earth's  equator;  but  actually,  it  passes  through  the  ze 
only  twice  a  year.     Consequently,  the  effect  of  the  obliq 
of  the  ecliptic  is  to  diminish  the  amount  of  heat  receive« 
the  earth's  equator.     Therefore  some  other  places  on 
earth,  which  are  obviously  the  poles,  must  receive  a  I 
amount  than  they  would  if  the  equator  and  the  e- 
were    coincident.     That   is,   the   obliquity   of   the   < 
causes  the  climate  to  vary  less  in  different  latitudes  ■ 
would  if  the  obliquity  were  zero. 

60.   Lag  of  the  Seasons.  — From  the  astronomicn 
of  view  March  21  and  September  23,  the  times  at  w! 
sun   passes  the   two  equinoxes  are  corresponding 
The  middle  of  the  summer  is  when  the  sun  is  at  th< 
solstice,  June  21,  and  the  middle  of  the  winter  w!i 
the  winter  solstice,  December  21.     But  from  t 
standpoint  March  21  and  September  23  are  iint  ■ 
ing  seasons,  and  June  21   and  December  21 
middle  of  summer  and  winter  respectively.     T. 
seasons  lag  behind  the  astronomical. 

The  cause  of  the  lag  of  the  seasons  is  ver>' 
June  21  any  place  on  the  earth's  surface  north  • 
of  Cancer  is  receiving  the  largest  amount  of  h 
any  time  in  the  year.     On  account  of  the  bin  i 
of  the  atmosphere,  less  heat  is  radiated  thin 
hence  the  temperature  continues  to  i 
date  less  and  less  heat  is  received  as  da> 
on  the  other  hand,  more  is  radiated  daily. 
body  gets,  the  faster  it  radiates.     In  a  U'- 
equals,  and  then  exceeds,  that  which  is  recf  ■ 
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is  greatly  exaggerated  in  the  figu; 
interval  from  vernal  equinox  to  !i  i 
about  186.25  days,  while  that  : 
vernal  equinox  is  only  179  dayh. 
fore,  about  7.25  days. 

Since  the   summers  are  longer 
northern  hemisphere  while  tlj.'   ■ 
em  hemisphere,  it  might  bi>  -■. 
sponding  latitudes  receivf  [ii  ■  ■ 
sphere  than  in  the  soutli*  in 
noticed  from  Fig.  44  that,  ;ii' 
the  northern  hemisphere  ili  n. 
is  then  farther  from  thu  mii 
cussion  of  the  way  in  wIji 
sun  varies  and  from  the  i 
ent  points  in  its  orbit,  i1. 
the  northern  hemispherr  i 
greater  distance  the  eanti 
is  that  points  in  corra-*!'" 
the  equator  receive   in 
amount  of  Ught  and  hent 

There  is,  however,  a  ■ ' 
em  and  southern  hnn' 
centricity  of  the  e;ntl. 
the  celestial  eqiii>ti.ir 
northern  latitudes  m 
that  tends  to  proiln. 
tance  of  the  sun  retli 
temperature  does  ni 
if  the  earth's  orbit 
the  same  place,  whi 


.a:itiutions 

.  V  its  data. 

-taod;  for, 

;s*r%'ation, 

■jitroduocd 

zuogb  often 

.^yvni  that  the 

ft  toe  oniversc, 

^it  «  crj'stalliDe 

m,  109-356  b.c), 

.   W)-250  B.C.), 

■.-m  sense  of 

-1-iire  perfect 

■  A-ory.    Aris- 

-  ■,'  motions  of 

\   the  theory 

-  .iround  the 

iry  were  true 

:.ins  at  differ- 

.  was  that  the 

to  a   Bcnsible 

Alexandrian 

i-i  which  the 

nod  the  formal 

whtffe  geometry 

toquired  almost 


;  MOTIONS  OF  THE   EARTH  117 

■  fomui  as^rvMaomy  wri.'i:  :vsu.',:rt.i  frvea  :S' 
F  the  ni3:h.«iLi;K-s  ot  A;<;\Ar,o.rv*  «:*s  «iv\-<x\U\; 

X.  .  who  beioasw^i  ti^  iris  ivr^v.,  :s  u":n -.■■r>.t"."^x 
d  to  hare  be«i  th?  gr«»t«>s',  .■vs:n.':>.'r.ur  of  4:-.;;v;.;;!> 
Utobau  tjtrioag  in  U>ih  eitrtit  an^i  sivtiraoy  h**;  r.fxvr  :w« 
I  before  his  time,  nor  werv  iht-y  siCii"  ix;\;*^\: 
1  the  tinie  of  th^  Arab.  Allvit.^iiu'?  ,S.V  'tt'  v  t» " 
e  ^ystenisucally  and  oririoally  tvmparwl  his  oiw«t\a'.vr.s 
k  thoee  uf  hi?  predec^sii^^rs,  Ht*  d»>voU*;*<\l  '.n^".;o'".»-!r> 
t  which  precii*  a^trononiioal  oalouUniocs  vs^'-;'.x":  iv 
He  de%'eloped  an  ingt>iuous  si'Iji'nu'  »'[  »\\>'t;tri'.i' 
and  epicycles  (which  will  ho  oxplaiitoi  |>n^n'it!ly"  !»>  T\'5«rx^ 
t  the  motions  of  the  beavt'^lx*  lxxti<>s. 
Ptolemy  (100-170  a.d.^  was  tlu'  tirst  .isii\'iu>«UT  ot  «»»(«■ 
after  Hipparchus.  and  the  last  imjx'rtant  asti\>iu>m.-r  of  il'.f 
Alexandmn  period.  From  his  limo  until  iht»t  ot  v\>i«»'t^ 
nicus  (1473-1543^  not  a  single  imjxirtam  aiiv;i««-e  »»>  msvU- 
in  the  science  of  astronomy,  Fr»Mn  IVthain'ras  to  noU-mx 
was  700  years,  from  Ptolemy  to  t'oiH-niunis  w;»s  1  HX>  \.-;»rs. 
and  from  Copernicus  to  the  prt>seiit  time  is  UX>  vc;»i-s  Tho 
work  of  Ptoleray,  which  is  jm-scrvrtl  in  llu-  ,4 fwt.is.i-."*  yi  t\ 
The  Greatest  Compositioiil.  was  tho  fr\>wniiis  !u-hio\«-iuc«t 
of  the  second  peiiod,  and  ttmt  of  (\i[>ornicus  w:is  tho  liist 
of  the  modem  perioil ;  or,  [M'rhajw  it  woulii  If  moro  juvunilo 
to  say  that  the  work  of  OuiuTmcus  const  it  ut^l  tho  ii!in>itiou 
from  ancient  to  moiiorTi  astron*imy,  which  h;)s  n-ally  l>cButi 
by  Kepler  (1571-16301  and  Galilw  0»M   UU'-M. 

The  most  elalioratc  theory  of  ancient  limes  for  cxpliiininn 
the  motions  of  the  heavenly  lH)iiies  w:is  due  to  Ttolcuiy. 
He  supposed  that  the  earth  was  »  fixetl  sphero  situatnl  iil 
the  center  of  the  universe.  lie  supiMiscd  thai  the  sun  nnd 
moon  moved  around  the  earth  in  ein'li-s.  It  doi-s  not  seem 
tohaveoccurred  to  the  undents  that  tlienrliilsof  theheiivenly 
bodies  could  be  anything  but  cireles,  which  were  suiiiMiHitl 
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respecting  the  meanings  of  these  mutiuii;<  li    ,  |^  rirring  iIip- 

very  dawn  of  history.     Many  of  the  sini,     .    jliytlievari- 

of  the  sun,  moon,  and  planets  had  Iwcn  d     ^-^r^i  thi*  the 

by  the  Chaldeans  and  Egyptians,  but  it     'j  ^  ^n^  in  whicli 

brilbant  and  imaginative  Greeks  to  org»n .   .^  yMoJ  it.    It  is 

exijerienue  and  to  develop  theories.     Thai''    ^_^t  wwild  huve 

having  introduced  Egj-ptian  astronomy      ^p,  uwifid  a  body 

than  600  years  before  the  Chriatian  era. 

followetl  a  century  later  and  made  itrtf 

to  the  philosophy  of  the  seienee,  Ijiii 

Their  success  was  due  to  the  weitkm--- 

not  being  too  much  hampered  b_\'  ' ' 

they  gave  free  rein  to  their  ini^n.  ■ 

numerous  ideas  into  a  budding  -ri 

erroneous,  later  led  to  the  trutii. 

earth  was  round,  immovable,  at  ■: 

and  that  the  heavenly  bodies  mm 

spheres. 

Following  the  Pythagoreans  caiii^ 
Aristotle   (384-322   b.c),   and   Ai. 
who  were  much   more   scientifi*'. 
the  term,  and  who  made  serioUf 
agreement    between    the   observ 
tarchus  was  the  first  to  show  th 
the  sun,  moon,  and  stars  could  ' 
that  the  earth  rotates  on  its  a^ 
sun.     Aristotle's  objection  w,'t«  ' 
the  stars  would  appear  U.i 
ent  times  of  the  year ;   tli< 
"tars  were  infinitely  renn 

criticism.  Aristarchus  w;i.s  a  i .  ^  j^„yy  irould  satisfy  the 
school,  founded  by  Alexander  f^'^^tii^''  ^"^  t^*^*  f"""™ 
geometer  Euclid  belonged.  H  v^'**r^aao-h  more  plausible. 
perfection  which  would  be  iiiiii-^^.^^iewa.''  Tycho  Brahe 
was  so  .splendidly  systeinali/c  ^ j* ^ * j^— trie  theory  both  for 
uo  modification  for  2000  ywir  v"*  ^  eo^d  not  observe  any 


:-Tio«  of  ex- 

i,.ryrlp.  In 
■,.,iili  uniform 

-iter  moved 

,nl,  around 
..iii:i  and  in- 

izi'ther  with 
:.  .i  in  getting 
'  >uu,  moon, 

-,illfui,  observer, 

■lie  study  of  the 

.  inth  a  view  to 

..tiun  of  printing 

.-.  (if  the  Greek 

r:itiie  convinced 

■, :.  ;ind  that  the 

.  iniiind  the  sun, 

,  1  Eiif  observed  phe- 

-.■,-wcii«  had  no  rigorous 

prtt  merit  of  his  work 

care  with  which 


pi  a-" 


uis  due  to  the  annual  motion  of  the 
1  nothing  of  value  to  the  theory  of 
111  ub.server  of  tireless  industry  whose 
I'unaletl  in  quality  or  quantity.  For 
■il  the  length  of  the  year  correctly  to 


n(  Tycho  Brahe  and  that  of  Newton 
illy  laid  the  whole  foundation  for  me- 
■  [  ly  the  theory  of  motions  of  the  planets, 
I  iistronomers,  Galileo  (1564-1642)  and 
'<>  ,  \vho  by  work  in  quite  different  direc- 
■  ■.I  complete  overthrow  of  the  Ptolemaic  theory 
:itid  epicycles.  These  two  men  had  almost  no 
IS  in  common.  Galileo  was  clear,  penetrating, 
'■])ler  was  mystical,  slow,  but  endowed  with  un- 
iastry.  Galileo,  whose  active  mind  turned  in 
mns,  invented  the  telescope  and  the  pendulum 
riic  extent  anticipated  Newton  in  laying  the 
f  djTiamica,  proved  (hat  light  and  heavy  bodies 
ime  rate,  covered  the  field  of  mathematical  and 
ml  wcience,  and  defended  the  heliocentric  theory  in  a 
lless  manner  in  his  Dialogue  on  Ike  Two  Chief  Systems 
World.  Kepler  confined  his  attention  to  devising  a 
to  account  for  the  apparent  motions  of  sun  and  planets, 
ially  as  measured  by  hi.s  preceptor,  Tycho  Brahe.  With 
inesty  and  thoroughness  that  could  not  be  surpassed, 
one  theory  after  another  and  found  them  unsatis- 
Once  he  had  reduced  everything  to  harmony  ex- 
Bome  of  the  observations  of  Mars  by  Tycho  Brahe 
(of  course  without  a  telescope),  and  there  the  discrepancy 
was  below  the  limits  of  error  of  all  observers  except  Tycho 
Brahe.  Instead  of  ascribing  the  discrepancies  to  minute 
errors  by  Tycho  Brahe,  he  had  implicit  faith  in  the  absolute 
reliability  of  his  master  and  passed  on  to  the  consideration 
of  new  theories.  In  his  books  he  set  forth  the  complete 
record  of  hie  successes  and  his  failures  with  a  childlike  candor 


niianty  lo  monon  in  « 
at  ooe  of  its  foci.  ■ 

Another  device  used  by  Ptolemy  I 
plaining  the  motions  of  the  planets  I 
this  system  the  body  was  supposed  I 
speed  along  a  small  circle,  the  epicycll 
with  uniform  speed  along  a  large  circl  J 
the  earth,  By  carefully  adjusting  tU 
clinations  of  the  epit-yclc  and  the  dJ 
the  rates  of  motion  along  them,  PtolenJ 
a  very  satisfactory  theory  for  the  moti 
and  planets  so  far  as  they  were  then  k: 

Copernicus  was  not  a  great,  or  ovei 
but  he  devoted  many  years  of  his  Ufi 
apparent  motions  of  the  heavenly  bo 
discovering  their  real  motions.  The 
about  1450  had  made  accessible  the  v 
philosophers,  and  Copernicus  gradual! 
that  the  suggestion  that  the  sun  is  the 
earth  both  rotates  on  its  axis  and  rev( 
explains  in  the  simplest  possible  way  i 
nomena.     It  must  be  insisted  that  Cope! 
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not  found  in  any  other  writer.    After  i 

of  computation  he  found  the  three  laws 
(Art.  145)  which  paved  the  way  for  N 
owes  much  to  the  thoroughness  of  Kepi' 

Vi.  QUESTIONS 

1.  Note  carefully  the  poaition  of  any  ooiu 
and  verify  the  fact  that  in  a  month  it  will  be 
same  time  in  the  evening. 

2.  Prom  which  of  the  laws  of  motion 
BttraPting  bodies  revolve  around  their  comn 

3.  What  are  the  fundamental  principli 
four  proofs  of  the  revolution  of  the  eart) 
really  independent  proofs  of  the  revolution  >■ 

4.  Which  of  the  proofs  of  the  revolutioi 
the  size  of  its  orbit  t 

5.  The  aberration  of  light  <!ausea  a  star  ; 
small  curve  near  its  true  place;  what  is  the 
the  star  is  at  the  pole  of  the  ecUptie?  IT  r 
earth's  orbit? 

6.  Discuss  the  questions  correspondiiif 
small  curve  described  as  a  consequence  ul' 
Do  aberration  and  parallax  have  their  ma.' 
same  times,  or  are  their  phases  such  that  tlv 

7.  Discuss  the  cUmatic  conditions  if  th< 
as  it  is  at  present. 

8.  If  the  eccentricity  of  the  earth's  or 
respects  would  the  seasons  differ  from  those 

9.  If  the  inclination  of  the  equator  to  II 
what  respects  would  the  aeasona  differ  from  tL- 

10.  Suppose  the  inclination  of  the  equ:< 
90°;  describe  the  phenomena  which  wouitt 

11.  Draw  diagrams  giving  the  diurnal  cii^ 

sun  is  at  an  equino:;  and  both  solstices,  for  ai' 
equator,  in  latitude  75°  north,  and  at  the  tii>i 

12.  At  what  times  of  the  year  is  the  sun 
southward  slowest  (see  Pig.  42)  ?  For  what  I 
through  or  near  the  zenith?  Tliis  place  wi 
temperature.  Compare  the  amount  of  hrJi- 
teoeived  by  the  equator  during  an  equal  ' 
near  the  equinox.    Which  will  have  the 
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Although  the  celestial  bodies  differ  greatly  in  di 
from  the  earth,  some  being  inillioiis  of  times  as  far  a 
others,  they  all  seem  to  be  at  about  the  same  distar 
spherical  surface,  whieh  is  called  the  celestial  sph 
fact,  the  ancients  actually  assumed  that  the  stan 
tached  to  a  crystalline  sphere.     The  celestial  spher 
sphere  at  any  particular  large  distance ;  it  is  an  ' 
surface  beyond  all  the  stars  and  on  which  they  r. 
jected,  at  such  an  enormous  distance  from  the 
two  lines  drawn  toward  a  point  on  it  from  auj" 
on  the  earth,  or  from  any  two  points  on  the  t 
are  so  nearly  parallel  that  their  convergence  ■ 
detected  with  any  instrument.     For  short,  it 
an  infinite  sphere. 

While  the  real  problem  giving  rise  to  refer  '" 

lines  is  that  of  describing  accurately  and  c": 
tions  of  celestial  objects  from  the  obser\ 
equivalent   to  describing  their  apparent 
celestial  sphere.     Since  it  is  much  easier  to 
on  a  sphere  than  it  is  to  think  of  the  direct' 
ing  from  its  center,  the  heavenly  bodies  lu 
tion  by  describing  their  projected  posit  i' 
sphere.     Fortunately,  a  similar  problem 
locating  positions  on  the  surface  of  the  < 
nomical  problem  is  treated  similarly. 

64.   The  Geographical  System.  —  V '' 
with  the  method  of  locating  a  pn^Ii 
earth  by  giving  its  latitude  and  I" 
be  sufficient  to  point  out  here  tin 
process. 

The  geographical  lines  that  n  ■ 
of  two  distinct  sets  which  havr 
The  first  set  consists  of  the  equ. 
and  the  parallels  of  latitude,  wli' 
to  the  equator.  If  the  cquatui 
two  associated  poles,  which  an. 


,.„;,  i^hich 
-j]  line  which 
^  lip  pole  of 
:  ,  ihe  point 
,  ,^  the  earth, 
,i  the  celestial 
.  g  called  the 

,,l«ot  ft  point . 

^Nicin  are  (a) 

[jiT  above  or 

,[],  which  is 
„,d  (6)  the 
,.  west  from 
• ;  along  the 
ilirough  the 
■  i,i.  a^muth  of 


ihe  obaerver, 


-"tilth.    The  point  where  the 

.  n  i.'tly  definite  and  is  repre- 

■  vertical  circle  which  passes 

The  points  at  which  the 

'III-  north  and  south  points. 

in  the  northern  hemisphere 

the  pole  P.     In  this  way  the 

I  dined. 

iiititude  is  BA,  which,  in  this 

-/imuth  is  SWNEB.  which,  in 

1 1  is,  of  course,  understood  that 

■  1.1-low  the  horizon  and  the  azimuth 

^|i  from  zero  to  360°.     When  the  object  is 

I,  its  altitude  is  considered  as  being  positive, 

:[-  being  negative. 

imtor  System.  —  The  poles  of  the  sky  have 

I  (he  points  where  the  earth's  axis  prolonged 

I  celestial  sphere.     It  might  be  supposed  at 

Bwould  not  be  conspicuous  points  because  the 

f%  line  which  of  course  cannot  be  seen.     But 

the  earth  causes  an  apparent  motion  of 

(nd  the  pole  of  the  sky.     Consequently,  an 

I  definition  of  the  poles  is  that  they  are  the 

i  of  the  diurnal  circles  of  the  stars.     That 

i  visible  from  the  position  of  an  observer  is  a 

B  conspicuous  than  the  zenith. 

ftp  celestial  equator  is  a  great  circle  90°  from  the  poles 

f  Utc   sky.     An  alternative  definition  is  that  the  celestial 

l^tor  is  the  great  circle  in  which  the  plane  of  the  earth's 

•  intersects  the  celestial  sphere.     The  small  circles 

lei  to  the  celestial  equator  are  called  dedinalion  circles. 

e  second  set  of  circles  in  the  equatorial  system  consists 

^■of  those  which  pass  through  the  poles  and  are  perpendicular 

to  the  celestial  equator.     They  are  called  hour  circles.     The 

fundamental  hour  circle,  called  the  equinoctial  colure,  from 

which  all  others  are  measured,  is  that  one  which  passes 
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face,  ami  on  the  sea  it  is  alwa 
small  altitu<l('  above  the*  sin' 
reason  it  i<  called  (lie  seiisilili 
!lie  a>lrononiical  horizon,  \vi 
paraurapli. 

The   (liicction    defined   h- 
i<  pcrfcM'tly  <lelinite.     The 
exteihled    up\Var»l.   l)ierce>    : 
.:( fii'lh,  an<l  1  he  opposite  p'»:- 
points  will  he  taken  as  pn! 
t hr  horizon  system,  ami  * 
circle  on  the  celestial  sph.- 
circles  parallel   to  the  h 
>omei ime-«,  almiicantars. 

The  sccoikI  v;(.|  of  ci- 

the   *^\\"a\    circles   whi«'i 
nadir  and  cnt  the  ho'i.- 
n  rficiil  circh  s.     The  l"  • 
distances  alonii  the  h- 


Ii  . 


I  ■ 
t  ■ ) 


II     • 
• 


hori/.on    i  o   i  he   \- 
« )l liiM't    cr* )<-«<""    • 
t  he  ojijcct . 

In    FiL^    h"'>.   ^^ 


•i 

:■') 

::ie 

« •   • 
'•IS 

.  •.   .7.1  i> 

.  ..rent 

.  -Tver, 

*.. . .»  >o  the 

::.c  ver- 

;':.cn  the 

.-..:  i<   the 

..M'cnsion 

>.  the  dec- 

,  ■  and  the 

,    .:[H»llt      /.)    . 

..  :v  ti»  express 
.,  :.  ill  dejrrees, 

.  ...  •.;,,urs.  wli(»re 
>  l.V.      In   the 

.',.  richt  ascen- 

...niciit  U)  count 

.   .nparent  motion 

...alien  eastward, 

2\  hours.     Tliere- 

...  one  hour.     It 

.  ,.  riirht  iiseeiision 

.yiinex  crosses  \\w 

;:,pses  before  the 

Tiie  interval  of 


N 


i  The  Ecliptic  System.  —  The  third  system  which  18 

lyed  in  astronomy,  but  much  less  frequently  than  the 

(two,  ia  known  as  the  ecHptic  system  because  the  funda- 

1  circle  in  its  first  set  is  the  ecliptic.     The  ecliptic  is 

at  circle  on  the  celestial  sphere  traced  out  by  the  sun 

rite  apparent  annual  motion  around  the  sky.     The  points 

a  the  celestial  sphere  90°  from  the  ecliptic  are  the  poles  of 
me  ecliptic.     The  small  circles  imrallel  to  the  ecliptic  are 

lUed  parallels  of  latitude.    The  great  circles  which  cross 

e  ecliptic  at  right  angles  are  called  longilude.  circles. 

The  coordinates  in  the  ecliptic  system  are  the  angular  dis- 
tance north  or  aouth  of  the  ecliptic,  which  is  called  latitude, 
and  the  distance  eastward 
from  the  vernal  equinox  along 
the  ecliptic  to  the  point  where 
the  longitude  circle  through 
the  object  intersects  the  echp- 
tic,  which  is  called  longitude. 

In  Fig.  47,  0  represents  the 
position  of  the  observer  and 
QEQ'W  the  celestial  equator. 
Suppose  that  at  the  time  in 
question  the  vernal  equinox  is 
at  V  and  that  the  autumnal      ""■  ^'-     ■"lbuiulil  uyaHsm. 
equinox  is  at  A.     Then,  since  the  angle  between  the  ecliptic 
and  the  equator  is  23°. 5,   the  position  of  the  ecliptic  is 
AX'VX. 

68.  Comparison  of  the  Systems  of  Coordinates.  —  All 
three  of  the  systems  of  coordinates  are  geometrically  Uke  the 
one  used  in  geography ;  but  there  are  important  differences 
in  the  way  in  which  they  arise  and  in  the  purposes  for  wliich 
their  use  is  convenient. 

The  horizon  system  depends  upon  the  position  of  the 
observer  and  the  direction  of  his  plumb  line.  It  always 
has  the  same  relation  to  him,  and  if  he  travels  he  takes  it 
with  him.     The  equator  system  is  de&ied  by  the  apparent 
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through  the  vernal  equinox,  that  is,  the  place  at  whii 
sun  ill  its  apparent  annual  motion  around  the  sky  i 
the  celestial  equator  from  south  to  north. 

The  coordinates  in  the  equator  system  are  (a)  the  *  , 
diatancenorthorsouthof  the  celestial  equator,  which*. 
declination,  and  (b)  the  angular  distance  eastward  ' 
vernal  equinox  along  the  equator  to  the  point  bv 
hour  circle  through  the  object  crosses  the  equi 
distance  is  called  right  ascension.    The  direction  4 
defined  as  that  in  which  the  sun  moves  i 
motion  among  the  stars. 

In  Fig.  46,  let  0  represent  the  position  of  till 


^'ESW  his  horizon,  PNQ 


Q  his  meridian, 
star  is  at  A  and  * 
nal  eijuiaox  is  at  * 
declination  of  tt 
arc  CA  and  its  i 
13  VQC.    In  thi 
lination  is  aboi 
right  ascensioi 
It  is  not  cu8t4- 
the  right  ascc 
but  to  give  i' 
jin  hour  eqii 
present  casp        - 
sion  of  A  is,  therefore,  aljout  5  hours.  '' " 

-  It  is  easy  to  understand  why  it  is  c  "^\^ 
right  ascension  in  hours.  The  sky  has  t  -"  "^  ^ 
westward  because  of  the  earth's  actual  ^ifW^ 
and  it  makes  a  complete  circuit  of  360°  ^,  r''^  , 
fore  it  apparently  moves  westward    I  ■  ■„! 

follows  that  a  simple  method  of  fiiidin      ,■,,<  "* 
of  an  object  is  to  note  when  the  vera  .  ..     j  ^jj^j  1 

meridian  and  to  measure  th"  time  ^v  i     ^  **  ™«i«a^t  J 
object  is  observed  to  cross     -"  "■  ''•         imU't*  ■ 

time  is  its  right  a 
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rotation  of  the  sky,  which  is  due,  of  course,  to-j 
rotation  of  the  earth,  and  it  is  altogether  i»d« 
the  position  of  tiie  oljservcr.     The  ecliptir  Bystj 
by  the  apparent  motion  of  the  sun  around  MiP 
is  independent  of  the  position  of  the  observer, 

Since  the  horizon  system  depends  upon  thi 
the  observer,  the  altitude  and  azimuth  of 
really  locate  it  unless  the  place  of  the  ubt«(n 
Since  the  stars  have  diurnal  motions  across  the 
of  day  must  also  be  given ;  and  since  difTcreiil 
meridian  at  dl^erent  times  on  succeedini;  dpi 
that  the  day  of  the  year  must  also  bo  givtij'' 
venience  of  the  horizon  system  ariBee  from  l^i 
circles  are  not  fixed  on  the  sky.     Yet  it  i&  kn^*' 
observer  because  the  horizon  is  apprusimBti  _ 
which  separates  the  visible  from  the  inv^y'' 
the  sky.  •'"iil 

In  the  equator  system  the  reference  P^'-'^jt 
fixed  with  respect  to  the  stars.  This  **''''^*_J 
requires  two  slight  corrections.  In  tbi  ^  ^  ijj 
earth's  equator,  and  therefore  the  celestial  ^^  " 
to  precession  (Art.  47).  In  the  second  pl^^  ^tjjj 
very  small  motions  with  reference  M  .^  aj. 
become  appreciable  in  work  of  *>\"i!'  '      ,,,,. 

in  the  course  of  a  few  years.     Bii:  ,.;it; 

these  motions  will  be  neglected  ii  .jji 

will  be  con.'fidered  as  being  ab-'  .,ir 

to  the  stars.     With  this  underat;t]!  \\\ 

of  an  object  is  fully  defined  if  il^  . !  \\ 

tion  are  ^ven.     The  reference  [v>^  ,,^,|e( 

system  also  have  the  desirable  i;  ]-,cti 

respect  t«  the  stars.  ,  ,,  be 

From  what  has  been  said  it  im.  _,   .],  ^1  I 

equator  and  ecliptic  systenw  Me  ■-  ^^  l^  t*o 
such  is  by  no  means  the  case,  Thi;  •  lUrch  2 
the  meridian  at  an  altitude  whlcb  *  J^*  ihenit*'*" 
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clear  from  Figs.  48  and  49  that  the  position  of; 
with  respect  to  the  horizon  system  changes  contj 
the  apparent  rotation  of  the  sky.  It  follows  tb 
purposes  the  ecliptic  system  is  not  convenie| 
in  astronomy  is  limited  almost  entirely  to  del 
position  of  the  sun,  which  is  always  on  the  d 
the  positions  of  the  moon  and  planets,  whicld 
near  it.  | 

69.  Finding  the  Altitude  and  Azimuth  whfli 
Ascension,  Declination,  and  Time  are  Given; 
the  right  ascension  and  declination  of  a  star  ai 
that  its  altitude  and  azimuth  are  desired.  Itl 
also  to  have  given  the  latitude  of  the  observer, 
day,  and  the  time  of  year,  because  the  altitude 
depend  on  these  quantities.  Most  of  the  dil 
problem  arises  from  the  fact  that  the  vernal  * 
diurnal  motion  around  the  sky  and  that  it  i; 
is  not  easily  located.  By  computing  the  rii' 
the  sun  at  the  date  in  question,  direct  ii 
equinox  may  be  avoided.  It  has  been  foi  > 
solve  the  problem  in  four  distinct  steps. 

Step  I.  The  right  ascension  of  the  sun  an  ■ 
■ — It  has  been  found  by  observation  ' 
the  vernal  equinox  March  21.  (The  l) 
because  of  the  leap  year,  but  it  will  l»  ^  , 
for  the  present  purposes  to  use  Marc!.  •  ^  i,, 
a  year  the  sun  moves  around  the  sky  'Trtrii ' 
sion,  or  at  the  rate  of  two  hours  '•^j^^'T^ 
rate  of  apparent  motion  of  the  suu  •l^  ^Lkeria 
the  variations  from  it  are  small  ai'  \^^^]\n(a 
present  connection.  It  follows  '  ^^^^^ipiaal 
right  ascension  of  the  sun  on  "'^^'''"''"l,,  ,liit» 
counting  the  number  of  month^^^rfr**  .l^j  , 
in  question  and  multiplyinf  •*"l»^  ikepf*' 
ample,  October  6  is  6.5  ir  "  Hndiog 

right  ascension  of  the  sun  (  ^„  tb« 


afternoon  van  be  equally  well  called  14  o'l 
right  ascension  is  called  26  hours,  the  rule 
the  result  that  the  hour  angle  is  4  hours  oa 
Step  4-   Application  of  the  declination  i 
the  altitude  and  azimuth.  —  In  order  to  mi 
clear,  consider  a  special  example.     Suppose 
of  the  object 
by  Step  3  to 
This  locates  t| 
51.     Therefo 
somewhere  orj 
PCP'.     The  I 
tion  determir 
star  is  on  thi 
pose,  for  exai 
object  is  35"  n 
to  locate  it,  it 
gary    to     me 
from  C  along 
Hence    the    e 
Now  draw  a  vertical  circle  fromZ  through  A 
at  B.     The  altitude  is  BA  and  the  azimi 
These  distances  can  be  computed  by  spherical 
but   thev  mav  be  Q^JmnlaL^amimm^^ 


«r 


m* 


^     ^ 
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-"    -^-  ^xTLiineil  in  Art.  00,  an  v  . . 

^'\z^^:<^■  the  ohservor  is  in  ;  ;••  . 

t  ->  ;r.lf.  p,  Fig.  52,  a^  w- 
"  -      -^-i  -irie  point  Q,    whr-r-  • 

-  :.:^.:.   x-_  havo  an    alti- 
•'     '•  '    S'ippose  the  date 

-  ~~  i:  :ae  observ^ation   i-- 
-- '"  -'  '  -'^  21  and  the  timr: 

-:  -^Sp.m.  Suppcsf  tr.r, 
'■-^"  i^':»^a?ion  of  tho  star  ::. 
-.-  -* ah  is  approximatr-ly  I-.. 
"  ^>  :iDi  that  its  doHina-:'.:. 
*;  7"  -'^'-  The  problr-ri*  I-  • 
-- '  :•-  apparent  altituri.-r  ^  -  . 
-^--ith. 

p-e  steps  of   the    r^.'.r.    ' 

^■-i  t»e  made  in  th*:ir  :..s-  ,-. 
'=';'l^r.     (IJ  Sincr-  Jur.-  .1     • 
thr.  right  ascen.-^ior.    .-    -- 

*2.' Since  the  tirrif- '•.:   ,.:.;     ■  -  - 
'-ountetl  east  war  :.   •:.-■    -^ 
0  +  8  =  14  hour-         ,     -  ' 
i*?  16  hours.  i*>  ?. -.  _•  j,-  ;. 
hour  circle  PC  P 
16°  south  fror:.  ^.  -    .  ^  • 
a  vertical  r:i.-->  ■•-./: 
The  alt  it  u  :^  .-.=:- 
SWXEB.^:._   '.    .  .  .   . 

71.  Fiadir^  tt*  jt-?/.  • 
the  AItit=.i*   tr*!  A  -  .r. .  - 
Snriir.z  •;..'  -^v  ■  ■,.■■■ 
an-i  iz^v. ,--.    :.-- 

A  **     •  ■'•        '  •     ■  ■• 

I-  -.-.^  -..—  .- .  • 

«;»■    •        -      .  .   . 


y 


^ 
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in  Art.  69,  The  third  atep  is  to  draw  through  the  position 
of  the  given  object  an  hour  circle  which,  from  its  defini- 
tion, reaches  from  one  pole  of  the  sky  to  the  other  and  cuts 
the  equator  at  right  angles.  The  fourth  step  is  to  estimate 
the  hour  angle  of  the  hour  circle  drawn  in  Step  3  and  the 
distance  of  the  star  from  the  equator  measured  along  the 
hour  circle.  Then  the  right  ascension  of  the  object  is  equal 
to  the  right  ascension  of  the  meridian  plus  the  hour  angle 
of  the  object  if  it  is  east,  and  minus  the  hour  angle  if  it  is 
west ;  and  the  declination  of  the  object  is  simply  its  distance 
from  the  equator. 

72.  Illustrative  Example  for  Finding  Right  Ascension 
and  Declination.  ^  Suppose  (he  date  of  the  obser\'ation  is 
May  6  and  that  the  time  of  day  is  8  p.m.  Suppose  the 
observer's  latitude  is  40°  north.  Suppose  he  sees  a  bright 
star  whose  altitude  is  estimated  to  be  35°  and  whose  azimuth 
ia  estimated  to  be  60°.  Its 
right  ascension  and  declination 
are  required,  and  after  they 
have  been  obtained  it  can  be 
found  from  Table  I,  p.  144, 
what  star  is  observed. 

The  right  ascension  of  the 
sun  on  May  6  ia  3  hours  and 
the  right  ascension  of  the  me- 
ridian at  8  P.M.  is  11  hours. 
The  star  then  is  at  the  point 
■^  A,  Fig.  53,  where   BA  =35° 

^"-  '''^^r^d  dldti^ol'  '"'""  ^"d  SB=  60;.  The  part  of 
the  vertical  circle  BA  is  much 
less  foreshortened  than  AZ  by  the  projection  of  the  celestial 
sphere  on  a  plane,  and  this  fact  must  be  remembered  in 
connection  with  the  drawing.  The  hour  circle  PAP'  cuts 
the  equator  at  the  point  C.  The  arc  QC  is  much  more  fore- 
shortened by  projection  than  CW.  Consequently,  it  is  seen 
that  the  hour  angle  of  the  star  is  3.5  hours  west.     Therefore 


I 
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its  right  ascension  is  11  —  3.5  =  7.5  hours  approximately. 
It  is  also  seen  that  the  star  ia  approximately  5°  north  of  the 
equator.  On  referring  to  Table  I,  it  is  found  that  this  star 
must  be  Procyon. 

All  problems  of  the  same  class  can  be  solved  in  a  similar 
manner.  But  reliance  should  not  be  placed  in  the  diagrams 
alone,  especially  because  of  the  distortion  to  which  certain 
of  the  lines  are  subject.  The  diagrams  should  be  supple- 
mented, if  not  replaced,  by  actually  pointing  out  on  the 
sky  the  various  points  and  lines  which  are  used.  A  httle 
practice  with  this  method  will  enable  one  to  solve  either 
the  problem  of  finding  the  altitude  and  azimuth,  or  that 
of  obtaining  the  right  ascension  and  declination,  with  an 
error  not  exceeding  5°  or  10°, 

73.  Other  Problems  Connected  with  Position.  —  There 
are  two  other  problems  of  some  importance  which  naturally 
arise.  The  first  is  that  of  finding  the  time  of  the  year  at 
which  a  star  of  given  right  ascension  will  be  on  the  meridian 
at  a  time  in  the  evening  convenient  for  observation. 

In  order  to  make  the  problem  concrete,  suppose  the  time 
in  question  is  8  p.m.  The  right  ascension  of  the  sun  is  then 
8  hours  less  than  the  right  ascension  of  the  meridian.  Since 
the  object  is  supposed  to  be  on  the  meridian,  the  right  ascen- 
sion of  the  sun  will  be  8  hours  less  than  that  of  the  object. 
To  find  the  time  of  the  year  at  which  the  sun  has  a  given 
right  ascension,  it  is  only  necessary  to  count  forward  from 
March  21  two  hours  for  each  month.  For  example,  if  the 
object  is  Arcturus,  whose  right  ascension  is  14  hours,  the 
right  ascension  of  the  sun  is  14-8  =  6  hours,  and  the  date 
18  June  21. 

The  second  problem  is  that  of  finding  the  time  of  day 
at  which  an  object  whose  right  ascension  is  given  will  be  on 
the  meridian  or  horizon  on  a  given  date.  A  problem  of  this 
character  will  naturally  arise  in  connection  with  the 
announcement  of  the  discovery  of  a  comet  or  some  other 
object  whose  appearance  in  a  given  position  would  be  con- 
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spicuoua  only  for  a  short  time.  This  problem  is  soIlH 
first  finding  the  right  ascension  of  the  sun  on  the  dan 
then  taking  the  difference  between  this  result  and  thi 
ascension  of  the  object.  This  gives  the  hour  angleJ 
sun  at  the  required  time.  If  the  sun  is  west  of  the  c 
its  hour  angle  is  the  time  of  day ;  if  it  is  east  of  the  m4( 
its  hour  angle  is  the  number  of  hours  before  noon. 

vn.  QUESTIONS 

1.  Make  a  table  ebowing  the  correBpondeaces  of  tbel 
drcles,  and  co(irdiQat«8  of  the  hurizon,  equator,  and  ecliptio  t 
with  tliose  of  the  geograpbieal  system. 

2.  What  are  the  altitude  and  azimuth  (if   the  zenith,  i 
point,  the  north  pule?    What  are  the  angrular  distances  t 
zenith  to  the  pole  and  to  the  point  where  the  (iquator  c 
meridian  in  terms  of  the  latitude  I  of  the  obser^-er  ? 

3.  Estimate  the  horizon  coordinates  of  the  sun  at  10  o'el  | 
morning ;  at  10  o'clock  this  evening. 

4.  Describe  the  complete  diurnal  motions  of  stars  near  I. 
What  part  of  the  skj'  for  an  observer  in  latitude  40°  iaBlwa^l 
the  horizon  ?    Always  below  the  horizon  ? 

5.  How  long  is  reqmred  for  the  sky  apparently  to  11 
Through  what  angle  does  it  apparently  turn  in  1  minut«T 

6.  Are  there  positions  on  the  earth   from  whioh  Ibf 
motions  of  the  stars  are  along  parallels  of  altitude?    Alonir:   I 
circles? 

7.  Develop  a  rule  for  finding  the  hour  angle  of  tt 
equinox  on  any  date  at  any  time  of  day. 

8.  Find  the  altitude  and  azimuth  of  the  vomal  e( 
9  A.M.  to-day. 

9.  Given :  Rt.  aso.  =  19  lirs.,  decUnation  -  +  20°,  d»te 
time  -^  S  P.M. ;  find  the  altitude  and  azimuth. 

10.  Mnd  the  altitude  and  the  azimuth  (constructing  u 
of  eafih  of  the  stars  given  in  Table  1,  p.  144.  at  S  p.m.  lo-di 

U.  If  a  star  whose  right  ascension  is  18  hours  is  on  tbi 
at  8  P.M.,  what  is  the  date  ? 

12.  At  what  time  of  the  day  is  a  star  whose  right  Be 
14  hours  on  the  meridian  on  May  21  ? 

13.  At  what  time  of  the  day  doeu  a  comet  whose  righV 
is  4  hours  and  declination  is  lero  rise  on  Sept.  21  ? 

14.  The  Leonid  meteors  have  their  radiant  at  right 
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76.  Star  Catalogues.  —  Star  catalogues  are  lists  of  stars, 
usually  all  above  a  given  brightness,  in  certain  parts  of  the 
sky,  together  with  their  right  ascensions  and  declinations  on 
a  given  date.  It  is  necessary  to  give  the  date,  for  the  stars 
slowly  move  with  respect  to  one  another,  and  the  reference 
points  and  lines  to  which  their  positions  are  referred  are  not 
absolutely  fixed.  The  most  important  variation  in  the  posi- 
tion of  the  reference  points  and  lines  is  due  to  the  precession 
of  the  equinoxes  (Art.  47). 

The  earhest  known  star  catalogue  is  one  of  1080  stars  by 
Hipparchus  for  the  epoch  125  B.C.  Ptolemy  revised  it  and 
reduced  the  star  places  to  the  epoch  150  a.d.  Tycho  Brahe 
made  a  catalogue  of  1005  stars  in  1580,  about  30  years  be- 
fore the  invention  of  the  telescope.  Since  the  invention  of 
the  telescope  and  the  revival  of  science  in  Europe,  numerous 
catalogues  have  been  made,  containing  in  some  cases  more 
than  100,000  stars.  While  the  positions  in  all  these  cata- 
logues are  very  accurately  given,  compared  even  to  the 
work  of  Tycho  Brahe,  they  are  not  accurate  enough  for 
certain  of  the  most  refined  work  in  modern  times.  To  meet 
these  needs,  a  number  of  catalogues,  containing  a  limited 
number  of  stars  whose  positions  have  been  determined 
with  the  very  greatest  accuracy,  have  been  made.  The 
most  accurate  of  these  is  the  PreUminary  General  Catalogue 
of  Boss,  in  which  the  positions  of  6188  stars  are  given. 

A  project  for  photographing  the  whole  heavens  by  in- 
ternational cooperation  was  formulated  at  Paris  in  1887. 
The  plan  provided  that  each  plate  should  cover  4  square 
degrees  of  the  sky,  and  that  they  should  overlap  so  that  the 
whole  sky  would  be  photographed  twice.  The  number  of 
plates  required,  therefore,  is  nearly  22,000.  On  every  plate 
a  number  of  stars  are  photographed  whose  positions  are 
already  known  from  direct  oKservations.  The  positions  of 
the  other  stars  on  the  plate  can  then  be  determined  by  meas- 
uring with  a  suitable  machine  their  distances  and  direc- 
tions from  the  known  stars.     This  work  can,  of  course,  be 
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carried  out  at  leisure  in  an  astrononucal  laboratory.  On 
these  plates,  most  of  which  have  already  been  secured,  there 
will  b3  shown  in  all  about  8,000,000  different  stars.  In  the 
first  catalogue  based  on  them  only  about  1,300,000  of  ths 
brightest  stars  will  be  given. 

The  photographic  catalogue  was  an  indirect  outgrowth 
of  photographs  of  the  great  comet  of  1882  taken  by  Gill 
at  the  Cape  of  Good  Hope,  The  number  of  star  images 
obtained  on  his  plates  at  once  showed  the  possibiUties  of 
making  catalogues  of  stars  by  the  photographic  method. 
In  1889  he  secured  photographs  of  the  whole  southern  sky 
from  declination  —  19°  south,  and  the  enormous  labor  of 
measuring  the  positions  of  the  350,000  star  images  on  these 
plates  w!is  carried  out  by  Kapteyn,  of  Groningen,  Holland. 

77.  The  Magnitudes  of  the  Stars.  —  The  magnitude  of 
a  star  depends  upon  the  amount  of  light  received  from  it 
by  the  earth,  and  is  not  determined  altogether  by  the  amount 
of  light  it  radiates,  for  a  small  star  near  the  earth  might 
give  the  observer  more  light  than  a  much  larger  one  farther 
away.  It  is  clear  from  this  fact  that  the  magnitude  of  a 
star  depends  upon  its  actual  brightness  and  also  upon  its 
distance  from  the  observer. 

The  stars  which  are  visible  to  the  unaided  eye  are  divided 
arbitrarily  into  6  groups,  or  magnitudes,  depending  upon 
their  apparent  brightness.  The  20  brightest  stars  con- 
stitute the  first-magnitude  group,  and  the  faintest  stars 
which  can  be  seen  by  the  ordinary  eye  on  a  clear  night  are 
nf  the  sixth  magnitude,  the  other  four  magnitudes  being  dis- 
tributed between  them  so  that  the  ratio  of  the  brightness 
of  one  group  to  that  of  the  next  is  the  same  for  all  consecu- 
tive magnitudes.  The  definition  of  what  shall  be  exactly  the 
first  magnitude  is  somewhat  iu-bitrary ;  but  a  first-magni- 
tude stai  has  been  taken  to  be  approximately  equal  to  the 
average  brightness  of  the  first  20  stars.  The  sixth-magni- 
tude stars  are  about  ^hs  ^^  bright  as  the  average  of  the  first 
group,  and,  in  order  to  make  the  ratio  from  one  magnitude 
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to  the  other  perfectly  definite,  it  has  been  agreed  that  the 
technical  sixth-magnitude  stars  shall  be  those  which  are 
^''^I'y  ihs  ^^  bright  as  the  technical  first-magnitude  stars. 
The  problem  arises  of  finding  what  the  ratio  is  for  succes- 
Bive  magnitudes. 

Let  r  be  the  ratio  of  light  received  from  a  star  of  one 
magnitude  to  that  received  from  a  star  of  the  nejct  fainter 
magnitude.  Then  stars  of  the  fifth  magnitude  are  r  times 
brighter  than  those  of  the  sixth,  and  those  of  Uie  fourth  are 
r  times  brighter  than  those  of  the  fifth,  and  they  are  there- 
fore r°  times  brighter  than  tliose  of  the  sixth.  By  a  repeti- 
tion of  this  process  it  is  found  that  the  first-magnitude  stars 
are  r*  times  brighter  than  those  of  the  sixth  magnitude. 
Therefore  r»  =  100,  from  which  it  is  found  that  r  =  2.512 

Since  the  amount  of  light  receivetl  from  different  stars 
varies  almost  continuously  from  the  faintest  to  the  brightest, 
it  is  necessary  to  introduce  fractional  magnitudes.  For 
example,  if  a  star  is  brighter  than  the  second  magnitude  and 
fainter  than  the  first,  its  magnitude  is  between  1  and  2. 
A  step  of  one  tenth  of  a  magnitude  is  such  a  ratio  that, 
when  repeated  ten  times,  it  gives  the  value  2.512.  ...  It 
is  found  by  computation,  which  can  easily  be  carried  out  by 
logarithms,  that  a  first-magnitude  star  is  1.097  times  as 
bright  as  a  star  of  magnitude  1.1.  The  ratio  of  brightness 
of  a  star  of  magnitude  1.1  to  that  of  a  star  of  1.2  is  like- 
wise 1.097;  and,  consequently,  a  star  of  magnitude  1  is 
1.097  X  1.097  =  1.202  times  as  bright  as  a  star  of  magni- 
tude 1.2. 

A  star  which  is  2,512  times  as  bright  as  a  first-magnitude 
star  is  of  magnitude  0,  and  still  brighter  stars  have  negative 
magnitudes.  For  example,  Sinus,  the  brightest  star  in  the 
sky,  has  a  magnitude  of  —1.58,  and  the  magnitude  of  the 
full  moon  on  the  same  system  is  about  —12,  while  that  of 
the  sun  is  -26.7. 

78,  The  First-magnitude  Stars.  —  As  first-magnitude 
stars  are  conspicuous  and  relatively  rare  objects,  they  serve 
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as  guidepOKis  in  the  study  of  the  constellations.  All  of 
those  which  arc  \-isibk'  in  the  latitude  of  the  observer  should 
be  identifier!  and  lf:irne<l.  They  will,  of  course,  be  recog- 
niied  partlj-  by  their  relations  to  neighboring  stars. 

In  Table  I  the  first  eolumn  contains  the  names  of  the  firsts 
magnitude  stars;  the  second,  the  constellations  in  which 


they  are  found  ;  the  third,  their  " 
Harvard  determination;  the 
the  fifth,  their  declinations; 
they  cross  tiie  meridian  at  a 
velocity  toward  or  from  the  e» 
negative  sign  indicating  api: 
Their  apparent  positions  a. 
from  their  right  ascensions         ut 
explained  in  Art.  U9. 


'"'tudes  according  to  the 
heir  right  ascensions ; 
1,  the  dates  on  which 
and  the  seventh,  the 
miles  per  second,  the 
the  positive,  recession. 
iC  can  be  determined 

nations  by  the  principles 


N.M. 

C.               ..T.0- 

M*o. 

HiobtAb- 

Dtoj- 

Oh  Mb- 

Radial 
ViLOcrrr 

Siriiu  .    .    . 

Cw>i>  Major 

-1.6 

6b  41m 

-16°  36' 

Feb.  28 

-  5.6 

0«iiui>ua  .     , 

Carina      .     . 

-0.9 

a  22 

-52   39 

Feb.  23 

+  12.7 

Alpio 

(Viitaiiri    . 

C«DtauTiis 

0.1 

14    34 

-60   29 

June  29 

-13.8 

Vxi*    ■     ■     . 

Lyra     .     .     . 

0.1 

IS    34 

+38   42 

Aug.  30 

-  8.5 

(•«V«ll»    -     ■ 

Auriga      .     . 

0.2 

5     10 

+45  fiS 

Feb.    6 

+19.7 

ArvtMrim  .     . 

BoOWa      .     . 

0.2 

14    12 

+  19   37 

June  24 

-   2.4 

Hlnel    .     .     . 

Orion    .     .     , 

0.3 

fi    11 

-  8   17 

Feb.    5 

+  13.6 

[•niiyoii    .     , 

Canis  Minor 

0.5 

7    3S 

+  5   26 

Mar.  14 

-   2.5 

Ai'lwniHr  .     . 
(Viitniiri    . 

Eridaoua  .     . 

0.6 

1    35 

-57   40 

Dec.  16 

+10.0 

CentauniB     . 

0.9 

13    6S 

-59   58 

June  21 

T 

ll«l4>llp<U»0       . 

Orion   .     .     . 

O.B 

6    51 

+  7    24 

Feb.  15 

+13.0 

AltniT  .     .     . 

Aguila      .     . 

0.9 

19    47 

+  8  39 

Sept.  10 

-20,5 

AIi'lml'r«c'i« 

Crui    .     .     . 

1.1 

12    22 

-62    38 

May  29 

+  4.3 

Al<M..ir<ui     . 

Taurus      .     . 

1.1 

4    31 

+  16    21 

Jan.  26 

+34.2 

tS.lll<K  .      .      . 

Gemini     .     . 

1.2 

7    40 

+28    14 

Mar.  IS 

+  2.4 

W|.l™   .     .     . 

Virgo    .    .     . 

1.2 

13    21 

June  12 

+   1.2 

Srarpiua   .     . 
PiaciB 
AustrnlLs     . 

1.2 

16    24 

-26    15 

July  27 

-   1.9 

''""""""'    " 

1.3 

22    fi3 

-30     4 

Nov.   8 

+  4.2 

lte.u.1..      .      . 

Cygnua     .     . 

1.3 

20    39 

+44   69 

Oct-    4 

-  2.e 

Ii»..a...  .    , 

I«o       .     .     . 

1.3 

10      4 

+  12   23 

Apr.  23 

-  5.0 

79.   Number  of  Stars  in  the  First  Six  Magnitudes,  —  Th.i 

number  of  stars  in  Pitch  of  the  first  six  magnitudes  is  given 
in  Table  II.     The  sum  of  the  immbers  is  5000.  ■ 


First  Magnitude 
Second  Magnitude . 
Third  Magnitude    . 


Fourth  Magnitude.  .  .  425 
Fifth  Magnitude  .  ,  ,1100 
Sixth  Magnitude    .     .     .  3200 


There  are,  therefore,  in  the  whole  sky  only  about  5000  stars 
which  are  visible  to  the  unaided  eye.  At  any  one  time 
only  half  the  sky  is  above  the  horizon,  and  those  stars  which 
are  near  the  horizon  are  largely  extinguished  by  the  absorp- 
tion of  light  by  the  earth's  atmosphere.  Therefore  one 
never  acts  at  one  time  more  than  about  2000  stars,  although 
the  general  impression  is  that  they  are  countless. 

It  is  seen  from  the  Table  II  that  the  number  of  stars  in 
each  magnitude  is  about  three  times  as  great  as  the  number 
in  the  preceding  magnitude.  This  ratio  holds  approxi- 
mately down  to  the  ninth  magnitude,  and  in  the  first  nine 
magnitudes  there  are  in  all  nearly  200,000  stMrs.  Since 
a  telescope  3  inches  in  apertiire  will  show  objects  as  faint  as 
the  ninth  magnitude,  it  is  seen  what  enormous  aid  is  ob- 
tained from  optical  instrument'^.  Only  a  rough  guess  can 
be  made  respecting  the  number  of  stars  which  are  still 
fainter,  but  there  are  probably  more  than  300,000,000  of 
them  within  the  range  of  present  visual  and  photographic 
instruments. 

80.  The  Motions  of  the  Stars.  —  The  stars  have  motions 
with  respert  to  one  Jtnuther  which,  in  the  course  of  immense 
ages,  appreciably  change  the  outlines  of  the  constellations, 
but  which  have  not  made  important  alterations  in  the  visible 
sky  during  historic  times.  Nevertheless,  they  are  so  large 
that  they  must  lie  taken  into  account  when  using  star  cata- 
logues in  work  of  precision. 
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equator  of  about  62°.  Or,  in  other  terms,  the  Dorth  pole 
of  the  Milky  Way  is  at  right  ascension  about  12  hours  40 
minutes  and  at  declination  about  +  28°,  For  a  long  distance 
it  is  divided  more  or  less  completely  into  two  parts,  and  at 
one  place  in  the  southern  heavens  it  is  cut  entirely  across  by 
a  dark  streak,  A  vexy  interesting  feature  for  observers  in 
northern  latitudes  is  a  singular  dark  region  north  of  the  star 
Deneb. 

82.  The  Constellations  and  Their  Positions.  —  The  work 
on  reference  point*  and  lines  in  the  preceding  chapter  to- 
gether with  the  discussions  so  far  given  in  this  chapter  are 
sufficient  to  prepars  for  the  study  of  the  constellations  with 
interest  and  profit,  and  the  student  should  not  stop  short 
of  an  actual  acquaintance  with  all  the  first-magnitude  stars 
and  the  principal  constellations  that  are  visible  in  his  latitude. 
Table  III  contains  a  list  of  the  constellations  and  givee  their 
positions.  The  numbers  at  the  top  show  the  degrees  of  dec- 
lination between  which  the  conatellations  lie,  the  numerals 
at  the  left  show  their  right  ascensions,  and  the  numbers 
placed  in  connection  with  the  names  of  the  constellations 
give  the  number  of  stars  in  them  which  are  easily  visible  to 
the  unaided  eye.  The  constellations  which  lie  on  the  ecUptic, 
or  the  so-called  zodiacal  constellations,  are  printed  in  italics, 

The  following  maps  show  the  constellations  from  the  north 
pole  to  —50°  declination.  When  Map  I  is  held  up  toward 
the  sky,  facing  north,  with  its  center  in  the  hne  joining  the 
eye  with  the  north  pole,  and  with  the  hour  circle  having  the 
right  ascension  of  the  meridian  placed  directly  above 
its  center,  it  shows  the  circumpolar  constellations  in  their 
true  relations  to  one  another  and  to  the  horizon  and  pole. 
The  other  maps  are  to  be  used,  facing  south,  with  their  cen- 
ters held  on  a  line  joining  the  eye  to  the  celestial  equator, 
and  with  the  hour  circle  having  the  right  ascension  of  the 
meridian  held  in  the  plane  of  the  eye  and  the  meridian. 
When  they  are  placed  in  this  way,  they  show  the  constellations 
to  the  south  of  the  observer  in  their  true  relationships.     In 
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order  to  apply  the  maps  according  to  these  instructions,  it 
is  necessary  to  know  the  right  ascension  of  the  meridian  for 
the  day  and  hour  in  question,  and  it  can  be  computed  with 
sufficient  appioximation  by  the  method  of  Art.  09. 

83.  Finding  the  Pole  Star.  —  The  fii-st  step  to  be  taken 
in  finding  the  constellations,  either  from  their  right  ascen- 
sions and  declinations  or  from  star  maps,  is  to  determine 
the  north-and-south  Une.  It  is  defined  closely  enough  for 
present  purposes  by  the  position  of  the  pole  star. 

The  Big  Dipper  is  the  best  known  and  one  of  the  most 
conspicuous  groups  of  stars  in  the  northern  neuver.s.  Ii  is 
always  above  the 
horizon  for  an  ob- 
server in  latitude 
40°  north,  and,  i)c- 
cause  of  its  defi- 
nite shape,  it  can 
never  be  mistaken 
for  any  other  group 
of  stars.  It  is 
made  up  of  7  stars 
of  the  second  mag- 
nitude which  form  the  outline  of  a  great  dipper  in  the  sky. 
Figure  56  is  a  photograph  of  this  group  of  stars  distinctly 
showing  the  dipper.  The  stars  Alpha  and  Beta  arc  called 
The  Pointers  because  they  are  almost  directly  in  a  line  with 
the  pole  star  Polaris.  In  order  to  find  the  pole  star,  start  with 
Beta,  Fig.  55,  go  through  Alpha,  and  continue  about  five 
times  the  distance  from  Beta  to  Alpha.  At  the  point  reached 
there  will  be  found  the  second-magnitude  star  Polaris  with 
no  other  one  so  bright  anywhere  in  the  neighborhood. 

Besides  defining  the  north-and-south  line  and  serving  a» 
a  guide  for  a  study  of  the  constellations  in  the  northern 
heavens,  the  pole  star  is  an  interesting  object  in  several 
other  respects.  It  has  a  faint  companion  of  the  ninth  mag- 
nitude, distant  from  it  about   18.5  seconds  of  arc.     This 
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^^^^^Ktwt  conspicuous  configurations  in  the  northern 
^^^^^Ks  in  the  eastern  part '  of  the  constellation  Ursa 
^^^^^Bd  serves  to  locate  the  pasition  of  this  constellation. 
^^^^^^Bne  of  the  Bear  extends  north,  south,  and  west  of 
^^^^HJ  of  the  Dipper  for  more  than  10° ;  but  all  the  stars 
^^^^Brpart  of  the  sky  are  of  the  third  magnitude  or  fainter, 
^^^^nrding  to  the  Greek  legend,  Zeus  changed  the  nymph 
^^^^Bb  into  a  bear  in  order  to  protect  her  from  the  jealousy 
^^^^■Wife  Hera.  While  the  transformed  Callisto  was  wan- 
^^^H^in  the  forest,  she  met  her  son  Areas,  who  was  about  to 
^^^Rnr  when  Zeus  intervened  and  saved  her  by  placing  them 
^^Hp  among  the  stars,  where  they  became  the  Greater  and 
^HrSmaller  Beai?,  Hera  was  still  unsatisfied  and  prevailed 
^K  Oceanua  and  Thetis  to  cause  them  to  pursue  forever  their 
Bourses  around  the  pole  without  resting  beneath  the  ocean 
graves.  Thus  was  explained  the  circumpolar  motions  of 
■lose  stars  which  are  always  above  the  horizon. 
V  The  Pawnee  Indians  call  the  stars  of  the  bowl  of  the  Dip- 
Ifeer  a  stretcher  on  which  a  sick  man  is  being  carried,  and  the 
fffirat  one  in  the  handle  is  the  medicine  man. 

The  star  at  the  bend  of  the  handle  of  the  Dipper,  called 
Mizar  by  the  Arabs,  has  a  faint  one  near  it  which  is  known 
as  Alcor.  Mizar  is  of  the  second  magnitude,  and  Alcor  is  of 
the  fifth.  Any  one  with  reasonably  good  eyes  can  see  the  two 
stars  as  distinct  objects,  without  optical  aid.  It  is  probable 
that  this  was  the  first  double  star  that  was  discovered.  The 
distance  of  11 '.5  between  them  is  so  great,  astronomically 
speaking,  that  it  is  no  longer  regarded  as  a  true  double  star. 
It  has  been  supposed  by  some  writers  that  the  word  Alcor 
is  derived  from  an  Arabic  word  meaning  the  test,  and  the 

'  EuBt  and  west  on  the  sky  must  lie  understood  to  be  mcoaured  oIddb 
dwliaation  ctrclea.  Conseiiucatly.  near  Ihe  pole  coat  may  have  any  direc- 
tiOD  with  respect  to  the  boriion.  Above  the  pole,  east  on  the  alcy  is  towafd 
the  eastern  part  of  the  horiBon,  while  below  the  pole  it  it  toward  the  west^ni 
part  of  the  horixon.  All  atatemeuta  of  direction  in  descriptiooa  of  tha 
cDnstellatinng  refer  to  dirortiona  on  the  aky  unless  othemise  indicated,  and 
care  must  be  taken  not  to  understand  them  in  any  other  sense. 
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of  its  second  part,  and  a  2-inch  telescope  will  show  that  it 
is  a  double  star  whose  colors  are  described  as  rose  and  blue. 

One  of  the  most  interesting  objects  in  this  constellation  is 
the  star  Eta  Cassiopeias,  which  is  near  the  middle  of  the  third 
stroke  of  the  W  and  about  2°  from  Alpha.  It  is  a  fine 
double  which  can  be  separated  with  a  3-inch  telescope. 
The  two  stars  are  not  only  apparently  close  together,  but 
actually  form  a  physical  system,  revolving  around  their 
common  center  of  gravity  in  a  period  of  about  200  years. 
If  there  are  planets  revolving  around  either  of  the^e  stars, 
their  phenomena  of  night  and  day  and  their  seasons  must 
be  very  complicated. 

In  1572  a  new  star  suddenly  blazed  forth  in  Cassiopeia 
and  became  brighter  than  any  other  one  in  the  sky.  It 
caught  the  attention  of  Tycho  Brahe,  who  was  then  a  young 
man,  and  did  much  to  stimulate  his  interest  in  astronomy. 

87.  How  to  Locate  the  Equinoxes.  —  It  is  advantageous 
to  know  how  to  locate  the  equinoxes  when  the  positions  of 
objects  are  defined  by  their  right  ascensions  and  declinations. 
To  find  the  vernal  equinox,  draw  a  line  from  Polaris  through 
the  most  westerly  star  in  the  W  of  Cassiopeia,  and  continue 
it  90°.  The  point  where  it  crosses  the  equator  is  the  vernal 
equinox  which,  unfortunately,  has  no  bright  stars  in  ita 
neighborhood. 

If  the  vernal  equinox  is  below  the  horizon,  the  autumnal 
equinox  may  be  conveniently  used.  One  or  the  other  of 
them  is,  of  course,  always  above  the  horizon.  To  find  the 
autumnal  equinox,  draw  a  line  from  Polaris  through  Delta 
Ursie  Majoris,  or  the  star  where  the  handle  of  the  Big 
Dipper  joins  the  dipper,  and  continue  it  90°  to  the  equator. 
The  autumnal  equinox  is  in  Virgo.  This  constellation 
contains  the  first-magnitude  star  Spica,  which  is  about  10° 
south  and  20°  east  of  the  autumnal  equinox. 

88.  Lyra  (The  Lyre,  or  Harp).  ^  Lyra  is  a  small  but 
very  interesting  constellation  whose  right  ascension  is  about 
18,7  hours  and  whose  declination  is  about  40°  north.    It  is, 
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B  early  Greeks,  or  any  primitive  peoples.  A  century  ago 
Tonomers  gave  their  ability  to  separate  this  pair  without 

e  use  of  the  telescope  as  proof  of  their  having  exceptionally 

f  leen  sight.     Perhaps  with  the  more  exacting  use  to  which 

'  the  eyes  of  the  human  race  are  being  subjected,  they  are 

actually  improving  instead  of  deteriorating  as  is  commonly 

supposed. 

Although  the  angular  distance  between  the  two  compo- 
nents of  Epsilon  Lyrffi  seems  small,  astronomers  regularly 
measure  one  two-thousandth  of  this  angle.  The  discovery 
of  Neptune  was  based  on  the  fact  that  in  60  years  it  had 
pulled  Uranus  from  its  predicted  place,  as  seen  from  the 
earth,  only  a  little  more  than  half  of  the  angular  distance 
between  the  components  of  this  double  star.  When  Epsilon 
Lyrffi  is  viewed  through  a  telescope  of  5  or  0  inches'  aperture, 
it  presents  a  great  surprise.  The  two  components  are  found 
to  be  so  far  apart  in  the  telescope  that  they  can  hardly  be 
seen  at  the  same  time,  and  a  little  close  attention  shows  that 
each  of  them  also  is  a  double.  That  is,  the  faint  object 
Epsilon  LyrsB  is  a  magnificent  system  of  four  suns. 

About  5°.5  south  of  Vega  and  3°  east  is  the  third-magni- 
tude star  Beta  LyrsB.  It  is  a  very  remarkable  variable 
whose  brightness  changes  by  nearly  a  magnitude  in  a  period 
of  12  days  and  22  hours.  The  variability  of  this  star  is  due 
to  the  fact  that  it  is  a  double  whose  plane  of  motion  passes 
nearly  through  the  earth  so  that  twice  in  each  complete 
revolution  one  star  eclipses  the  other.  A  detailed  study  of 
the  way  in  which  the  Ught  of  this  star  varies  shows  that  the 
components  are  stars  whose  average  density  is  approximately 
that  of  the  earth's  atmosphere  at  sea  level. 

About  2°. 5  southeast  of  Beta  Lyrte  is  the  third-magnitude 
star  Gamma  Lyrie.  On  a  line  joining  these  two  stars  and 
about  one  third  of  the  distance  from  Beta  is  a  ring,  or  an- 
nular, nebula,  the  only  one  of  the  few  that  are  known  that 
can  be  seen  with  a  small  telescope.  It  takes  a  large  telescope 
however,  to  show  much  of  its  detail. 
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89,  Hercules  (The  Kneeling  Hero}.  —  Hercules  is  a  very 
large  constellation  lying  west  and  southwest  of  Lyra.  It 
contains  no  stars  brighter  than  the  third  magnitude,  but  it 
can  be  recognized  from  a  trapezoidal  figure  of  5  stars  which 
are  about  20°  west  of  Vega.  The  base  of  the  trapezoid,  which 
is  turned  to  the  north  and  slightly  to  the  east,  is  about  6° 
long  and  contains  two  stars  in  the  northeast  corner  which 
are  of  the  third  and  fourth  magnitudes.  The  star  in  the 
southeast  corner  is  of  the  fourth  magnitude,  and  the  others 
are  of  the  third  magnitude.  On  the  west  side  of  the  trape- 
zoid, about  one  third  of  the  distance  from  the  north  end,  is 
one  of  the  finest  star  clusters  in  the  whole  heavens,  known  as 
Messier  13.  It  is  barely  visible  to  the  unaided  eye  on  a 
clear  dark  night,  appearing  as  a  httle  hazy  star ;  but  through 
a  good  telescope  it  is  seen  to  be  a  wonderful  object,  containing 
more  than  5000  stars  (Fig,  171)  which  are  probably  com- 
parable to  our  own  sun  in  dimensions  and  brilliancy.  The 
cluster  was  discovered  by  Halley  (1656-1742),  but  derives 
its  present  name  from  the  French  comet  hunter  Messier 
(1730-1817),  who  did  all  of  his  work  with  an  instrument  of 
only  2.5  inches'  aperture. 

90.  Scorpius  (The  Scorpion). — There  are  12  constella- 
tions, one  for  each  month,  which  he  along  the  echptic  and 
constitute  the  zodiac.  Scorpiu.'*  is  the  ninth  of  these  and  the 
most  brilliant  one  of  all.  In  fact,  it  is  one  of  the  finest  group 
of  stars  that  can  be  seen  from  our  latitude.  It  is  60°  straight 
south  of  Hercules  and  can  always  be  easily  recognized  by 
its  fiery  red  first-magnitude  star  Antares,  which,  in  hght- 
giving  power,  is  equal  to  at  least  200  suns  such  as  ours. 
The  won!  Antares  means  opposed  to,  or  rivaling.  Mars, 
the  red  planet  associated  with  the  god  of  war.  Antares  is 
represented  as  occupjing  the  position  of  the  heart  of  a  scor- 
pion. About  7"  west  of  Antares  is  a  faint  green  star  of  the 
sixth  magnituile  which  can  be  seen  through  a  5-  or  6-inch 
telescope  iintler  good  atmospheric  conditions.  About  5° 
northwest  of  Antares  is  a  very  compact  and  fine  cluster, 
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Messier  80.  Scorpius  lies  in  one  of  the  richest  and  most 
varied  parts  of  the  Milky  Way. 

According  to  the  Greek  legend,  Scorpius  is  the  monster 
that  killed  Orion  and  frightened  the  horses  of  the  sun  so  that 
Phafiton  was  thrown  from  his  chariot  when  he  attempted  to 
drive  them. 

91.  Corona  Borealis  (The  Northern  Crown).  —  Just  west 
of  the  great  Hercules  lies  the  little  constellation  Corona 
Borealis.  It  is  ea.sily  recognized  by  the  semicircle,  or  crown, 
of  stars  of  the  fourth  and  fifth  magnitudes  which  opens 
toward  the  northeast.  The  Pawnee  Indians  called  it  the 
camp  circle,  and  it  is  not  difficult  to  imagine  that  the  stars 
represent  warriors  sitting  in  a  semicircle  around  a  central 
campfire. 

92.  BoStes  (The  Hunter). — Bootes  is  a  large  constel- 
lation lying  west  of  Corona  Borealis,  in  right  ascension  about 
14  hours,  and  extending  from  near  the  equator  to  within 
35°  of  the  pole.  It  always  can  be  easily  recognized  by  its 
bright  first-magnitude  star  Arcturus,  which  is  about  20° 
southwest  of  Corona  Borealis.  This 
star  is  a  deep  orange  in  color  and  is 
one  of  the  finest  stars  in  the  northern 
sky.  It  is  so  far  away  that  100 
years  are  required  for  its  light  to 
come  to  the  earth,  and  in  radiating 
power  it  is  equivalent  to  more  than 
500  suns  like  our  own. 

In  mythology  Bootes  is  represented 
aa  leading  his  hunting  dogs  in  their 
pursuit  of  the  bear  across  the  sky. 

93.  Leo  (The  Lion).  —  Leo  lies  Fig.67.— TheuickloinLoo. 
about  60°  west  of  Arcturus  and  is  the  ^  "^i'  ^^^  '*■  '^  °°  **" 
Sixth   zodiacal   constellation.      It  is 

easily  recognized  by  the  fact  that  it  contains  7  stars  which 
form  the  outline  of  a  sickle.  In  the  photograph,  Kig.  57,  only 
the  5  brightest  stars  are  shown.     The  most  southerly  star  of 
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the  sickle  is  RegiUus,  at  the  end  of  the  handle.  The  blade 
of  the  Bickle  opens  out  toward  the  southwest.  One  of  the 
most  interesting  things  in  connection  with  this  constella- 
tion is  that  the  meteors  of  the  shower  which  occurs  about 
November  14  seem  to  radiate  from  a  point  within  the  blade 
of  the  sickle  (Art.  204). 

The  star  Regultis  is  at  the  heart  of  the  Nemean  lion  which, 
according  to  classic  legends,  was  killed  by  Hercules  as  the 
first  of  his  twelve  great  hibors. 

91.  Andromeda  (The  Woman  Chained). — Andromeda 
18  a  large  constellation  just  south  of  Cassiopeia.  It  contains 
no  firstr-magnitude  stars,  but  it  can  be  recognized  from  a 
line  of  3  second-magnitude  stars  extending  northeast  and 
southwest.  The  most  interesting  object  in  this  constellation 
is  the  Groat  Andromeda  Nebula,  Fig.  58,  the  brightest 
nebula  in  the  sky.  It  is  about  15"  directly  south  of  Alpha 
Caasiopeiffi,  and  it  can  be  seen  without  difficulty  on  a  clear, 
moonless  night  as  a  hazy  patch  of  light.  When  viewed 
through  a  telescope  it  fills  a  part  of  the  sky  nearly  2°  long  and 
1°  wide.  In  its  center  is  a  star  wliich  is  probably  variable. 
The  analysis  of  its  light  witti  the  spectroscope  seems  to  in- 
dicate that  it  is  composed  of  solid  or  liquid  material  sur- 
rounded by  cooler  gases.  It  has  been  suggested  that,  in- 
stead of  being  a  nebula,  it  may  be  an  aggregation  of  millions 
of  suns  comparable  to  the  Galaxy,  but  so  distant  from  us 
that  it  apparently  covers  an  insignificant  part  of  the  sky. 

95.  Perseus  (The  Champion).  —  Perseus  is  a  large  con- 
stellation in  the  Milky  Way  directly  east  of  Andromeda, 
Its  brightest  star,  Alpha,  is  in  the  midst  of  a  star  field  which 
presents  the  finest  spectacle  through  field  glasses  or  a  small 
telescope  in  the  whole  sky.  The  second  brightest  star  in 
this  constellation  is  the  earliest  known  variable  star,  Algol 
{the  Demon).  Algol  is  about  9°  south  and  a  little  west  of 
Alpha  Persei,  and  varies  in  magnitude  from  2.2  to  3.4  in  a 
period  of  2.867  days.  That  is,  at  its  minimum  it  loses  more 
than  two  thirds  of  its  light.     There  is  also  a  remarkable 
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Betelgeuze  is  the  first-magnitude  star  Rigel,  a  magnificent 
object  which  is  at  least  2000  times  as  luminous  as  the  sun. 
About  midway  between  Betelgeuze  and  Rigel  and  almost 
on  the  equator  is  a  row  of  second-magnitude  stars  running 
northwest  and  southeast,  which  constitute  the  Belt  of  Orion, 
Fig.  60.  From  its  southern  end  another  row  of  fainter 
stare  reaches  off  to  the  southwest,  nearly  in  the  direction  of 


Flo.  60.  —  Orion.     Photographed  at  tht  Yerket  Obtematory  {Hughet). 

Kigel.  These  stars  constitute  the  Sword  of  Orion.  The  cen- 
tral one  of  them  appears  a  little  fuzzy  without  a  telescope, 
and  with  a  telescope  is  found  to  be  a  magnificent  nebula, 
Pig.  61,  In  fact,  the  Great  Orion  Nebula  impresses  many 
observers  as  l^eing  the  most  magnificent  objcet  in  the  whole 
heavens.  It  covers  more  than  a  square  degree  in  the  sky, 
and  the  spectroscope  shows  it  to  be  a  mass  of  glowing  gas 
whose  distance  is  probably  several  million  times  as  great  as 
that  to  the  sun,  and  whose  diameter  is  probably  as  great  as 
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i  99.  Canis  Major  (The  Greater  Dog).  —  The  constellation 
Canis  Major  is  southeast  of  Orion  and  is  marked  by  Sinus, 
the  brightest  star  in  the  whole  sky.  Sinus  is  almost  in  a 
line  with  the  Belt  of  Orion  and  a  little  more  than  20°  from  it. 
It  is  bluish  white  in  color  and  is  supposed  to  be  in  an  early 
stage  of  its  evolution,  though  it  has  advanced  somewhat  from 
the  condition  of  the  Orion  stars.  Sirius  is  comparatively 
near  t«  us,  being  the  third  star  in  distance  from  the  sun. 
Nevertheless,  8.4  years  are  required  for  its  light  to  come  to 
us,  and  its  distance  is  47,000,000,000,000  miles.  It  is  ap- 
jjToaching  us  at  the  rate  of  5,6  miles  per  second  ;  or,  rather,  it 
is  overtaking  the  sun,  for  the  solar  system  is  moving  in  nearly 
the  opposite  direction. 

The  history  of  Sirius  during  the  last  two  centuries  is  very 
interesting,  and  furnishes  a  good  illustration  of  the  value 
of  the  deductive  method  in  making  discoveries.  First, 
Halley  found,  in  1718,  that  Sirius  has  a  motion  with  respect 
to  fixed  reference  points  and  lines ;  then,  a  little  more  than 
a  century  later,  Bessel  found  that  this  motion  is  slightly 
variable.  He  inferred  from  this,  on  the  basis  of  the  laws  of 
motion,  that  Sirius  and  an  unseen  companion  were  traveling 
around  their  common  center  of  gravity  which  was  moving 
with  uniform  speed  in  a  straight  line.  This  companion 
actually  was  discovered  by  Alvan  G.  Clark,  in  1862,  while 
adjusting  the  18-inch  telescope  now  of  the  Dearborn  Ob- 
servatory, at  Evanston,  111.  The  distance  of  the  two  stars 
from  each  other  is  1,800,000,000  mile-s,  and  they  complete 
a  revolution  in  48.8  years.  The  combined  mass  of  the 
two  stars  is  about  3.4  times  that  of  the  sun.  The  larger 
star  is  only  about  twice  as  massive  as  its  companion  but  is 
20,000  times  brighter;  together  they  radiate  48  times  as 
much  light  as  is  emitted  by  the  sun. 

100.  Canis  Minor  (The  Lesser  Dog).  — Canis  Minor  is 
directly  east  of  Orion  and  is  of  particular  interest  in  the 
present  connection  because  of  its  fir.st- magnitude  star  Pro- 
cyon,  which  is  about  25°  east  and  just  a  little  south  of  Betel- 
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tie  earth  moves  forward 
I  from  Fig.  62,  in  which 
:'t.h  when  it  is  noon  at  A. 
the  earth  has  moved  for- 
E^SEi  (of  course  the  dia- 
i[ioBe  that  when  the  earth 
■S'.  When  the  earth  is  at 
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'lint  about  the  first  of  July. 

i"on  to  noon,  so  far  as  it 
the  earth's  orbit,  is  longest 
-hortest  about  the  first  of 
Iriys,  so  far  as  they  depend 

:  li'a  orbit,  are  shown  by  the 


1  why  the  solar  days  vary 
L-astward  along  the  ecliptic 
[''or  simplicity,  neglect  the 
md  the  lack  of  uniformity  of 
ilong  the  ecliptic.    Consider 
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Fig,  66.  —  Staudarti 


ill  the  United  Stales. 


ideal  standard  divisions.     Moreover,  many  towns  near  the 
lx)rders  of  the  time  zones  do  not  use  standard  time. 

111.  The  Distribution  of  Time.  —  The  accurate  deter- 
mination of  time  and  its  distribution  are  of  much  impor- 
tancp.  There  are  several  methods  by  which  time  may  be 
determined,  but  the  one  in  common  use  is  to  observe  the 
transits  of  stars  across  the  meridian  and  thus  to  obtain  the 
sidereal  time.  From  the  mathematical  theory  of  the  earth's 
motion  it  is  then  possible  to  compute  the  mean  solar  time. 
It  might  be  supposed  that  it  would  be  easier  to  find  mean 
so\a.T  time  by  observing  the  transit  of  the  sun  across  the 
meridian,  but  this  is  not  true.     In  the  first  place,  it  is  much 
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fuifion  and  grpat  danger  in  rumung  traim.     In  e> 
these  difficulties,  H  bae  been  agreed  Uut  all  • 
local  times  do  not  differ  mor?  than  half  an  hour 
some  convenient  meridian  sball  u.*e  (he  local 
meridian.     Thus,  white  the  extreme  diSereiM-' 
of  placid  using  the  local  time  of  the  same  mi 
about  an  hour,  neither  of  them  differs  more  l)< 
aD  hour  from  its  standard  time.     In  this  ma 
country-  about  750  miles  wide  in  latitude^  : 
the  same  lime,  and  the  next  strip  of  the  w 
different,  and  so  on.     The  local  time  of  thi-  - 
of  each  .^trip  is  the  slandard  Ume  of  that  ^^ 

At  present  standard  time  is  in  ui^e  in  ne^i 
part  of  the  earth.  The  United  States  an 
are  of  such  great  extent  in  longitude  tha: 
use  four  hours  of  standard  time.  The  <■;■ 
what  i.s  called  Eastern  Time.  It  is  th' 
meridian  5  hours  west  of  Greenwich,  i 
t  hrouEh  Philadelphia,  and  in  this  city  locai 
time  iirc  identical.  At  places  east  of  thif  ■ 
by  local  time  than  by  .standard  time,  i 
oneminutefor  12or  I3miles,  Atpl;n(-  ■ 
but  in  the  Eastern  Time  divisiun,  it  i- 
than  by  standard  time.  The  next  ■'.--. 
is  fallt'd  Central  Time.  It  is  the  1  .. 
6  hours  west  of  Greenwich,  which  [■ 
The  next  time  division  is  calieil  Mi  < 
local  time  of  the  meridian  7  hours  w 
meridian  passes  through  Denver, 
is  called  Pacific  Time.  It  is  the  jn' 
8  hours  west  of  Greenwich.  Thi.-  n 
miles  east  of  San  Francisco. 

If  the  exact  divisions  were  usi'-i 
one  time  division  and  the  next  wnii 
the  standard  meridian.  As  a  niiu 
are   quite   irregular,   depending   l, 
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li.'ill  which  is  dropped  at 
i-hlcrablc  height  at  con- 
iritiil  connection  with  the 


I'-m  part  of  the  United  States 
l-land  Navy  Yard  in  California ; 
[  I'ollege  observatories  have  been 
I'.  \;hir  railroad  systems.  Naturally 
liirly  determine  time  for  their  own 
'  uccurate  distribution  of  time  from 
■  this  work  is  disappearing  except 
bbUins  of  star  positions, 
■onomical  Days.  —  The  civil  day  begins 
L  business  is  ordinarily  suspended  and 
Jiged  with  least  inconvenience.  The 
B^thc  same  date  begins  at  noon,  12  hours 
p  change  were  made  at  midnight,  astron- 
>  necessary  to  change  the  date  in  the 
rvations.  It  is  true  that  many  observa- 
I  some  other  bodies  are  made  in  the  day- 
t  observational  work  is  done  at  night, 
rtronomical  day  are  numbered  up  to  24, 
I  sidereal  time. 
iDge  of  Date.  —  If  one  should  start  at 
e  earth  and  go  entirely  around  it  westward, 
r  limes  the  sun  would  cross  his  meridian  would 
lan  it  would  have  been  if  he  had  stayed  at  home. 
i  be  very  inconvenient  for  him  to  use  fractional 
uld  count  his  day  from  midnight  to  midnight, 
9  longitude,  and  correct  the  increasing  difference 
B  of  his  starting  point  by  arbitrarily  changing 
lay  forward  at  some  point  in  his  journey.  That 
t  one  date  and  day  of  the  week  from  his 
On  the  other  hand,  if  he  were  going  around  the 
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ewtb  a   tmud,  be  would  (pvc  two  days  the 
day  of  thi>  week.    The  cbaage  is  usually  mads 
mnnduui  from  Giri-uwith.    This  is  a  partici 
wiection,  for  the  180t!i  meridian  scarcely  pat 
land  surfacv  at  iitl,  and  then  only  small  isli 
easily  see  how  troublesome  matters  would  bo 
wtTc  iiiiidw  at  a  meridian  passing  through  a  I 
lated  region,  say  the  meridian  of  Greonwicb. 


of  it  people  would  have  a  certain  day  aod  A 
Monday,  December  24,  and  on  tlw  other  ■ifc." 
later,  Tuesday,  December  25,  ^ 

The  place  of  actual  change  of  date  dor*  ■'^^ 
the   180th   meridian   from  GiTPnwidi    'f*"  ^ 
ca^ward  from  Europe,  lose-  half  a  <iJ>y.  ^"1^ 
westward  from   Europe  miw^   ABKciea  »om^. 
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m^  A*  d«j  of  the  week  od 
•  bBBk  0fm  m  a  pikriiculftr 

fekAng  tfe  day  of  the  week 
r  1900  Jwuaiy  1  fell 

Mmt3ki      T<'  fis  4k  i^Mk  flMMAf  tbr  quertion  for 
',  January  1 

fa»  or  X  ««^s  and  one 
I  T^sday.  But,  in  the 
i:.^i^:i=^  Am  •VK  3  k^  ?w  k  aan^.  1904,  1908, 
hi>  i  :  >]2.  wUdi  pot  tke  dale  3  j  ilicaial  days  forward  in 
tiir  -B--^k.  or  «  niday.  SbbIl  r,  h  is  «««ii  in  general 
t:.:^:  '.i-e  rule  for  fadag  tfae  dar  td  the  week  on  which 
^■iLij^ry  1  falW  eo  a^ye«r  of  tbe  pnseat  rentun,-  is  to  take 
•,:,'  :.i:;.',*rr  of  the  ytmi  in  tbe  rejjturj-  Jo  in  the  example 
j  ^-^  •.  r",  ;iu-l  .  add  to  it  the  Dumber  erf  leap  years  which  have 
[.,i—"i  wbi'h  i;  piven  by  dividing  the  number  of  the  year 
iv  I  ;ii"i  in-gU'ctine  the  remainder),  divide  the  result  by 
7  ui  t  liiiiiriati'  the  number  of  weeks  which  have  passed,  and 
tiri:»lly,  rount  forward  from  ^fonday  the  number  of  days 
Kivin  liv  tlic  ri'tiiainder.  For  example,  in  1935  the  number 
iif  ihr  vi-;>r  is  35,  the  numljer  of  leap  years  is  8,  the  sum  of 
;!:>  jiriil  K  is  43,  and  43  divided  by  7  equals  6  with  the  remain- 
(lii-  of  I,  lU'iKT,  in  1935,  January  1  will  be  one  day  later 
th:tri  Miiiuliiy  ;  that  is,  it  will  fall  on  Tuesday. 

In  mdiT  to  find  the  day  of  the  week  on  which  any  date  of 
nn\  vear  fulls,  find  first  the  day  of  the  week  on  which  Janu- 
iiiv  I  falls  ■  then  take  the  day  of  the  year,  which  can  be 
t-litiiined  by  addin)?  the  number  of  days  in  the  year  up  to  the 
diilt'  in  question,  and  divide  this  by  7 ;  the  reminder  is  the 
inmilii-r  i>f  days  that  must  be  added  to  that  on  which  Janu- 
Hi\'  I  falls  in  order  to  obtain  the  day  of  the  week.  For 
,A.un|ilf.  eonmdcr  March  21,  1935.  It  has  been  found  that 
iHinmiy  1  nf  this  year  falls  on  Tuesday.  There  are  79  days 
Hum  .iuiuii'ry  1  to  March  21  in  ordinary  yeara.    If  79  ia 


lAIioDi  is  11  with  the  remainder  of  2. 
B  21,  1935,  faUs  2  days  after  Tuesday, 

IX.    QUESTIONS 

niili's  wliere  intervalB  of  time  in  which  you 
f  aad  varied  intolleotu^  experienoes  aow  seem  loDger 
tolcnals  of  the  same  length.    Have  you  had  any  con- 

r  n«Hi  always  eovered  with  clouds,  how  should  we 

il.  U  your  sidereal  time  to-day  at  8  p.m.  ? 

luld  be  tb(t  relations  of  solar  time  to  sidereal  time  if 
IffVilaU'd  in  the  opposite  direotion? 
~Mt  i*  the  length  of  a  ^dereal  day  expressed  in  mean  solar 

fi'hul  ia  the  staudcird  time  of  a  plaoe  whose  longitude  is  85° 

f  On^Dwicli  when  its  local  time  is  11  a.m.  ? 

Vihai  is  the  local  time  of  a  place  whose  loni^tude  is  112*  west 

mwich  when  its  standard  time  is  8  p.m.  ? 

B  Suppose  a  person  were  able  to  travel  around  the  earth  in  2 

I  what  would  be  the  lengtha  of  his  days  and  nighta  if  he  traveled 

kst  to  west  ?    Prom  west  to  east  ? 
!  U  the  sidereal  year  were  in  ordinary  use,  how  long  before 

a  would  oocur  when  the  sun  is  at  the  vernal  equinox? 
,  On  what  days  of  the  week  will  your  birthday  fall  for  the  next 
2  years? 
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119.  The  Moon's  apparent  Motion  among  Qie  Stars.  — 
The  apparent  inotiun  of  the  moon  cttn  be  determined  by 
observation  without  any  particular  reference  to  its  actual 
motion.  In  fact,  the  ancient  Grwks  observed  the  moon 
with  great  carp  and  learned  moat  of  the  important  pecul- 
iarities of  its  iipparont  motion,  but  they  did  not  know  lis 
distance  from  the  earth  and  had  no  accurate  ideas  of  the 
character  of  its  orbit.  The  natural  method  of  procedure  is 
first  to  find  whiil  llie  iipjiearanccs  are,  and  from  them  to 
infer  the  actual  facts. 

The  moon  has  a  diurnal  motion  westward  which  is  pro- 
duced, of  course,  by  the  eastward  rotation  of  the  earth. 
Every  one  is  familiar  with  the  fact  that  it  rises  in  the  east, 
goes  across  the  sky  westward,  and  sets  in  the  west.  Those 
who  have  observed  it  except  in  the  most  casual  way,  have 
noticed  that  it  rises  at  various  points  on  the  eastern  horizon, 
crosses  the  meridian  at  various  altitudes,  and  sets  at  various 
points  on  the  western  horizon.  They  have  also  noticed  that 
the  interval  between  its  succcss"ve  passages  across  the 
meridian  is  somewhat  more  than  24  hours. 

Observations  of  the  moon  for  two  or  three  hours  will  show 
that  it  is  moving  eastward  among  the  stars.  When  its  path 
is  carefully  traced  out  during  a  whole  revolution,  it  is  found 
that  its  apparent  orbit  is  a  great  circle  which  is  inclined  to 
the  ecliptic  at  an  angle  of  5°  9'.  The  point  at  which  the 
moon,  in  its  motion  eastward,  crosses  the  ecliptic  from  south 
to  iiorth  is  called  the  ascending  node  of  its  orbit,  and  the 
point  where  it  crosses  the  ecliptic  from  north  to  south  is 
called  the  descending  node  of  its  orbit.     The  attraction  of  the 
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sun  for  the  moon  causes  the  nodes  continually  to  regresB  Oli.l 
the  ecliptic ;  that  is,  in  successive  revolutions  the  moon  J 
crosses  the  ecliptic  farther  and  farther  to  the  west.  The'l 
period  of  revolution  of  the  line  of  nodes  is  18.6  years. 

120.  The  Moon's  Synodical  and  Sidereal  Periods.  —  The  J 
synodical  period  of  the  moon  is  the  time  required  for  it  toJ 
move  from  any  apparent  position  with  respect  to  the  sun  I 
back  to  the  same  position  again.  The  most  accurate  means 
of  determining  this  perioti  is  by  comparing  ancient  and 
modem  eclipses  of  the  sun ;  for,  at  the  time  of  a  solar  eclipse, 
the  moon  is  exactly  between  the  earth  and  the  sun.  The 
advantages  of  this  method  are  that,  in  the  first  place,  at  the 
epochs  used  the  exact  positions  of  the  moon  with  respect  to 
the  sun  are  known ;  and,  in  the  second  place,  in  a  long  inter- 
val during  which  the  moon  has  made  hundreds  or  even 
thousands  of  revolutions  around  the  earth,  the  errors  in  the 
determinations  of  the  exact  times  of  the  eclipses  are  rela- 
tively unimportant  because  they  are  divided  by  the  number 
of  revolutions  the  moon  has  performed.  It  has  been  found 
in  this  way  that  the  synodical  period  of  the  moon  is  29  days, 
12  hours,  44  minutes,  and  2.8  seconds ;  or  29.530588  days, 
with  an  uncertainty  of  less  than  one  tenth  of  a  second. 

The  sidereal  period  of  the  moon  is  the  time  required  for 
it  to  move  from  any  apparent  position  with  respect  to  the 
stars  back  to  the  same  position  again.  This  period  can  be 
found  by  direct  observations ;  or,  it  can  be  computed  from 
the  synodical  period  and  the  period  of  the  earth's  revolution 
around  the  sun.  Let  S  represent  the  moon's  synodical 
period,  M  its  sidereal  period,  and  E  the  period  of  the  earth's 
revolution  around  the  sun,  all  expressed  in  the  same  units  as, 
for  example,  days.  Then  l/M  is  the  fraction  of  a  revolution 
tiiat  the  moon  moves  eastward  in  one  day,  1  'K  is  the  fraction 
flf  a  revolution  that  the  sun  moves  ea-stward  in  one  day, 
and  l/M—  1/  E  is,  therefore,  the  fraction  of  a  revolution  that 
the  moon  gains  on  the  sun  in  its  eastward  motion  in  one  day. 
Since  the  moon  gains  one  complete  revolution  on  the  sun  in 
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S  days,  l/S  is  also  the  fraction  of  a  revolution  the  moon 
gains  on  the  8un  in  one  day.     Hence  it  follows  that 

S       M     E'  ^ 

from  which  M  can  be  computed  when  S  and  E  arc  knowiu^l 

It  is  easy  to  see  that  the  synodical  period  is  longer  than 
the  sidereal.  Suppose  the  sun,  moon,  and  certain  stars  are 
at  a  given  instant  in  the  same  straight  tine  as  seen  from  the 
earth.  After  a  certain  number  of  days  the  moon  will  have 
made  a  sidereal  revolution  and  the  sun  will  have  moved  east- 
ward among  the  stars  a  certain  number  of  degrees.  Since 
additional  time  is  required  for  the  moon  to  overtake  it,  the 
synodical  period  is  longer  than  the  sidereal. 

It  has  ijeen  found  by  direct  observations,  and  also  by  the 
equation  above,  that  the  moon's  sidereAl  period  is  27  days, 
7  hours,  43  minutes,  and  11.5  seconds,  or  27.32166  days. 
When  the  period  of  the  moon  is  referred  to,  the  sidereal 
period  is  meant  unless  otherwise  stated. 

The  periods  which  have  been  given  are  averages,  for  the 
moon  departs  somewhat  from  its  elliptical  orbit,  primarily 
because  of  the  attraction  of  the  stm,  and  to  a  lesser  extent 
because  of  the  oblatenese  of  the  earth  and  the  attractions  of 
the  planets.  The  variations  from  the  average  are  sometimea 
quite  appreciable,  for  the  perturbations,  as  they  are  called, 
may  cause  the  moon  to  depart  from  its  undisturbed  orbit 
about  1°.5,  and  may  cause  its  period  of  revolution  to  vary  by 
as  much  as  2  hours. 

121.  The  Phases  of  the  Moon.  —  The  moon  shines  en- 
tirely by  reflected  sunlight,  and  consequently  its  appearance 
as  seen  from  the  earth  depends  upon  its  position  relative  to 
the  sun.  Figure  67  shows  eight  positions  of  the  moon  in  its 
orbit  with  the  sun's  rays  coming  from  the  right  in  lines  which 
are  essentially  parallel  because  of  the  great  distance  of  the 
sun.  The  left-hand  side  of  the  earth  is  the  night  side,  and 
Bimilarly  the  left  side  of  the  moon  is  the  dark  side. 
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Fiu,  67.  —  Expli 


from  the  earth,  and 


The  stnall  circles  whose  centers  are  on  the  large  circle  \ 

around  the  earth  as  a  center  show  the  ilhmiinated  and  un- 

illmninated  parts  of  the  moon  as  they  actually  are;    the 

accompanying  small  circles  just  outsitle  of  the  large  circle 

show    the   moon   as 

it  is  seen  from  the 

earth.    For  example, 

when    the    moon    is 

at   A/|   between   the 

earth    and    sun,   its 

dark  side  is  toward 

the  earth.      In  this 

position  it  is  said  to 

be    in    conjunction, 

and  the  phase  is  new. 

At    Ml   half   of  the 

illuminated  part  of  the  moon  can  be  si 

it  is  in  the  first  quarter.  In  this  position  the  moon  is  said 
'  to  be  ire  quadrature.  Between  the  new  moon  and  the  first 
f  quarter  the  illuminated  part  of  the  moon  as  seen  from  the 
i  earth  is  of  crescent  shape,  and  its  convex  side  is  turned 
[  toward  the  sun. 

When  the  moon  is  at  Mi  the  illuminated  side  is  toward  the 
I   earth.     It  is  theu  in  opposition,  and  the  phase  hfull.     If  an 

observer  were  at  the  sunset  point  on  the  earth,  the  sun 

would  be  settini;  in  the  west  and  the  full  moon  would  be 

rising  in  the  east.     At  A/«  the  moon  is  again  in  quadrature, 

and  the  phase  is  third  quarter. 

To  summarize :  The  moon  is  new  when  it  has  the  same 
L  light  ascension  as  the  sun ;  it  is  at  the  first  quarter  when 
I  its  right  ascension  is  6  hours  greater  than  that  of  the  sun; 
1  it  is  full  when  its  right  ascension  is  12  hours  greater  than 
I  that  of  the  sun  ;  and  it  is  at  the  tliird  quarter  when  its  right 
I  ascension  is  18  hours  greater  than  that  of  the  sun. 

It  is  observed  from  the  diagram  that  the  earth  would 

have  phases  if  seen  from  the  moon.      When  the  moon  is 
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die  moon  is  new,  it  is  abo  at  V,  because  at  this  phase  it  has  ^ 
Fthe  same  right  ascension  as  the  suii.  Since  V  is  on  the  celes- 
tial equator,  the  moon  crosses  the  meridian  at  an  altitude 
equal  to  90°  minus  the  latitude  of  the  observer.  In  this 
case  it  rises  in  the  east  and  sets  in  the  west.  But  if  the  moon 
is  at  first  quarter  on  March  21,  it  is  at  S,  because  at  this 
phase  it  is  6  hours  east  of  the  sun.  It  is  then  23°.5  north 
of  the  equator,  and,  consequently,  it  crosses  the  meridian 
23° ,5  above  the  equator.  In  this  case  it  rises  north  of  east 
and  sets  north  of  west.  If  the  moon  is  full,  it  is  at  A,  and 
if  it  is  in  the  third  quarter,  it  is  at  W.  In  the  former  case  it 
is  on  the  equator  and  in  the  latter  23°. 5  south  of  it. 

Suppose  the  sun  is  at  the  summer  solstice,  S.  Then  it 
rises  in  the  northeast,  crosses  the  meridian  23°. 5  north  of 
the  equator,  and  sets  in  the  northwest.  At  the  same  time  ■ 
the  full  moon  is  at  W,  it  rises  in  the  southeast.,  crosses  the  i 
meridian  23°.5  south  of  the  equator,  and  sets  in  the  south- 
west. That  is,  when  sunshine  is  most  abundant,  the  light 
from  the  full  moon  is  the  least.  On  the  other  hand,  when 
the  sun  is  at  the  winter  solstice  W,  the  full  moon  is  at  S 
and  gives  the  most  light.  The  other  positions  of  the  sun 
and  moon  can  be  treated  sunilarly. 

Suppose  the  ascending  node  of  the  moon's  orbit  is  at  the 
vernal  equinox  (Fig.  70),  and  consider  the  altitude  at  which 
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Fio.  70.  —  Asceuding  node  of  the  n. 


'a  orbit  at  tLe  vernal  equinox. 


the  moon  crosaee  the  meridian  when  full  at  the  time  of  the 
winter  solstice.  The  sun  is  at  W  and  the  full  moon  is  in  its 
orbit  5°  9'  north  of  S.  If  the  latitude  of  the  observer  is  40°, 
the  moon  then  crossc-s  his  meridian  at  an  altitude  of  50°  + 

I23°.5  +  5°  =  78°.5.     That  is,  under  these  circumstances  the 
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plftne  of  that  meridian.     The  observer  at  0|  finds 

ion  is  the  angular  distance  ZiOiU  south  of  his 

1  the  observer  at  Oi  finds  that  it  is  the  aagular 

Z/)iM  north  of  Iiia  zenith.     Since  the  two  observ- 

^  their  latitudes,  they  I:now  the  angle  0\EOi,  and 

sntly,  the  angles  EOiO,  and  EOjO,.     By  subtract- 

OiM  plus  EO.Ot  and  ZtO^M  plus  EOaO,  from  180% 

ngles  MOiOi  and  A/OjOi  are  obtained.     Since  the  size 

searth  is  known,  the  distance  OiOi  can  be  found.     Then, 

3  triangle  O^MOi  two  angles  and  the  included  side  are 

,,  and  all  the  other  parts  of  the  triangle  can  be  com- 

by   trigonometry.     Suppose   OiM   has  been   found; 


I  then,  m  the  triangle  EOiM  two  sides  and  the  included  angle 
'  are  known,  and  the  distance  EM  can  be  computed.     In 
general,  the  relations  and  observations  will  not  be  so  simple 
aa  those  assumed  here,  but  in  no  case  are  serious  mathe- 
matical or  observational  difficulties  encoimtered.     It  is  to 
be  noted  that  the  result  obtained  is  not   guesswork,   but 
that  it  is  based  on  measurements,  and  that  it  is  in  reality 
'   given  by  measurements  in  the  same  sense  that  a  distance 
f  on  the  surface  of  the  earth  may  be  obtained  by  mcasure- 
r  ment.     The  percentage  of  error  in  the  determination  of  the 
q's  distance  is  actually  much  less  than  that  in  most  of 
r  the  ordinary  distances  on  the  surface  of  the  earth. 
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full  moon  frriMM  the 
Ihiiri  it  would  tf  iU  orfah 
f>ii  ibf.-  uthfr  band,  in  tbe 
/(  and  th«  full  nkoon  m  at  IT,  ibt 
furthtr  wjuth  than  it  would  if  it  wm  oa  1 
ttMw*  eirctunstaocai  there  is  raurv  moau! 
atwl  Itas  in  the  sucnincT  than  tb^rv  «ou 
were  alwayii  on  tbf  «ctiptic. 

Now  MippoM  the  deMcnding  nodr  »  at ' 
inf  nolle  mat  A,  FtK- 71.     rnder  il 
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iiifKni  (Totwfs  thf*  meridian  lower  in  the  wi' 
if  it,  HiovH  aloHK  the  wliptic.  The  oppi 
the  Miin  is  at  .S  in  the  summer.  Of  coui 
tKxIe  rif  ihe  mwjn's  orbit  might  be  at  at 
the  ecliptie. 

It  iH  dear  from  thia  di.acussioD  that  w) 
Ihn  part  of  the  ecliptic  south  of  the  equal 
is  near  the  part  of  the  ecliptic  which  i*  non 
and  t-jce  verna.  Therefore,  when  there  is  le 
Ss  most  moonlight,  and  there  is  the  greatest 
light  when  the  moon's  ascending  node  . 
equinox.  AMien  it  is  continuous  night  at  ft  | 
the  gloom  is  partly  dispelled  by  the  moon  w 
horizon  that  half  of  the  month  in  which  i 
first  to  its  third  quarter. 

123.  The  Distance  of  the  Moon.  —  One  i 
mining  the  distance  of  the  iiiiMtii  is  by  obee 
ence  in  its  directions  as  sw-n  fn>m  two  poi 
surface,  as  0\  and  (1,  in  Fig-  '^--    J'uppt 
that  0\  and  0%  are  on  the  same  meridian,  i 
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The  tttmn  t 
miiU^r  'if  t\ti'  moon  has  bets  Caaad  «•  Ib  1 

tli^  MrKfuiittTttHt-  i4  il»  t 
Ofi  (ltvi'!ii  '    :.       '    ini/<?raner  b^tkea 
n\trimu;  :-  foaad  that  n« 

nip-M  22^ '  '  r    -  h'fur,  or  mboai  Ui 

A  Ixxjy  ut  th''  •!urfsM«  at  the  eartk  U 
(intt  muuinti ;  at  thi>  dwiAnee  of  the  bhn 
ffiuU'ly  40  tintoi  the  radttB  of  the  cartk,  ^jIF  ' 
full  10  +  60^  -  OXM*  feet,  beatne  lie  «» 
vari'TH  invi^nHy  aa  tfat>  Mjture  of  the  dittiadr 
TUfTtdtm^,  in  gMiic  3357  feet,  or  neari^  tmo- 
ttwr  td'Xfn  (I^i-iatf*  frcHn  a  strai^t^iae  ptf 

124.  The  Dimensioas  of  Oie  Mooo. — 13 
i\'mitn:U:T  of  the  mooD  k  31'  3".2.  Sbit 
kii'rH-n,  its  actual  diameter  can  be  oompt 
that  thft  clijtani^  stra^dit  throuj^  the  m 
or  a  litil'r  UTP-atf-r  than  one  fourth  the  <fin 
Sin':<r  th*.-  riirfac-^  of  spheres  are  to  each  o 
of  thf-ir  'Juiiiiett-r-.  it  is  found  that  Uw  • 
r>arth  L'i  13.4  time:  that  of  the  n 
of  =pherrr3  are  to  each  other  as  the  e 
it  h-  found  that  the  volume  of  the  a 
of  the  moon. 

It  ha,~  V>een  stated  that  the  mean  a< 
the  moon  b  31 "  5".2.    The  apparent  .t 
varies  both  becau^  its  distance  ftrnu  t) 
varies,  and  aUo  because  when  the  moo 
meridian,  he  is  nearly  4000  miles  ijpi 
it  is  on  his  honion.     In  the  observal  > 
objects  the  f^niall  distance  of  4000  ti 
ciable  difference  in  their  appeanwTv 
tance  from  the  earth  to  the  moon  l'j. 
240.000  miles,  the  r«iiiu$  of  tJ 
amount. 
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miles;    bul,   in    ihc   meastime,   the   e*rtb  moves  t< 
alwut  14°  in  lU  orljit  from  P  to Q,  and  it,  therefore,  is  dr*' 
by  the  suo  away  from  thp  straight  line  FT  in  which  it 
originally  uoviug  by  a  distance  of  about  3,000.000 


J 


That  is,  in  the  14  days  the  moon  actually  moves  in  t 
the  sun  away  from  the  original  line  of  the  earth's 
3,000,000  -  480,000  =  2,520,000  miles,  and  its  orbit,  which 
is  representt'd  \iy  the  broken  line,  is,  therefore,  concave  toward 
the  sun  at  ever\-  point. 

As  a  matter  of  fact,  it  is  the  center  of  gra\-ity  of  the  earth 
and  moon  wliich  describes  what  is  called  the  earth's  ellip- 
tical orbit  around  the  sun,  and  the  earth  and  moon  both 
describe  ellipses  around  this  point  as  it  moves  on  in  its  ellip- 
tical path  around  the  sun.  Since  the  earth's  mass  Ls  vei^' 
large  compared  to  that  of  the  moon,  as  will  be  seen  in  Art 
127,  the  center  of  the  earth  is  always  verj-  near  the  center 
of  gravity  of  the  two  bodies. 

127.  The  Mass  of  the  Moon.  —  Although  the  moon  is 
comparatively  near  the  earth,  its  mass  cannot  be  obtained  so 
easily  as  that  of  many  other  objects  farther  away. 

One  of  the  best  method.'*  of  6nding  the  mass  of  the  moon 
depemts  upon  the  fact  that  the  center  of  gravity  of  the 
earth  and  moon  describes  an  elliptical  orbit  around  the  sun 
in  accordance  with  the  law  of  areas.  Sometimes  the  earth 
is  ahead  of  the  center  of  gra^'ity,  and  at  other  times  behind 
it.  When  Ihe  earth  is  ahead  of  the  center  of  graWty  the 
sun  will  be  seen  behind  the  position  it  would  apparentl.. 
occupy  if  it  were  not  for  the  moon.     On  the  other  hani 
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would  take  inconceivably  great  forces  to  make  perceptible 
short  changes  in  its  rate  of  rotation.  On  the  other  hand, 
I  revolves  around  the  earth  at  a  non-uniform  rate, 
for  it  moves  in  such  a  way  that  the  law  of  areas  is  fulfilled. 
Consider  the  moon  starting  from  the  perigee.  It  takes 
about  6.5  days,  or  considerably  less  than  one  quarter  of  its 
period,  for  the  moon  to  revolve  through  90° ;  and,  therefore, 
the  angle  of  rotation  is  considerably  less  than  90°.  The 
result  is  that  the  part  of  the  moon  on  the  side  toward  the 
perigee,  that  is,  the  western  edge,  is  brought  partially  into 
view.  On  the  opposite  side  of  the  orbit,  the  eastern  edge  of 
the  moon  is  brought  partially  into  view.  This  is  the  libra- 
tion  in  longitude. 

In  addition  to  this,  the  moon  is  not  viewed  from  the  earth's 
center.  When  it  Is  on  the  horizon,  the  line  from  the  ob- 
server to  the  moon  makes  an  angle  of  nearly  1°  (the  parallax 
of  the  moon)  with  that  from  the  earth's  center  to  the  moon. 
This  enables  the  observer  to  see  nearly  1°  farther  around  its 
side  than  he  could  if  it  were  on  his  meridian. 

The  result  of  the  moon's  hbrations  is  that  there  is  only 
41  per  cent  of  its  surface  which  is  never  seen,  while  41  per 
cent  is  always  in  sight,  ami  18  per  cent  of  it  is  sometimes 
visible  and  sometimes  invisible. 

130.  The  Density  and  Surface  Gravity  of  the  Moon.  — 
The  volume  of  the  earth  is  about  50  times  that  of  the  moon 
and  its  mass  is  81.8  times  that  of  the  moon.  Therefore  the 
density  of  the  moon  is  somewhat  less  than  that  of  the  earth. 
It  is  found  from  the  relative  volumes  and  masses  of  the  earth 
and  moon  that  the  density  of  the  moon  on  the  water  stand- 
ard is  about  3.4. 

If  the  radius  of  the  moon  were  the  same  as  that  of  the 
earth,  gravity  at  its  surface  would  be  less  than  gV  that  at 
the  surface  of  the  earth ;  but  the  small  radius  of  the  moon 
tends  to  increase  the  attraction  at  its  surface.  If  its  mass 
were  the  same  as  that  of  the  earth,  its  surface  gravity  would 
be  nearly  16  times  that  of  the  earth.     On  taking  the  two 
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itors  together,  it  is  found  that  the  surface  gravity  of  the 
moon  is  about  ^  that  of  the  earth.     That  is,  a  body  on 
the  earth  weighs  by  spring  balances  about  6  times  as  much 
it  would  weigh  on  the  moon. 

If  a  body  were  thrown  up  from  the  surface  of  the  moon 
with  a  given  velocity,  it  would  ascend  6  times  as  high  as  it 
would  if  thrown  up  from  the  surface  of  the  earth  with  the 
velocity.  Perhaps  this  is  the  reason  why  the  forces 
to  which  both  the  earth  and  moon  have  been  subjected  have 
Iproduced  relatively  higher  elevations  on  the  moon  than  on 
the  earth.  Also  it  would  be  possible  for  mountains  of  a 
given  material  to  be  6  times  as  high  on  the  moon  as  on  the 
earth  before  the  rock  of  which  they  are  composed  would  be 
crushed  at  the  bottom. 

The   Question  of  the  Moon's  AtmoBphere.  —  The 

lOon  has  no  atmosphere,  or  at  the  most,  an  excessively  rare 
one.  Its  absence  is  proved  by  the  fact  that,  at  the  time  of 
an  eclipse  of  the  sun,  the  moon's  limb  is  perfectly  dark  and 
sharp,  with  no  apparent  distortion  of  the  sun  due  to  refrac- 
tion. Similarly,  when  a  star  is  occulted  by  the  moon,  it 
disappears  suddenly  and  not  somewhat  gradually  as  it 
would  if  its  light  were  being  more  and  more  extinguished 
by  an  atmosphere. 

Besides  this,  if  the  moon  had  an  atmosphere,  its  refraction 
irould  keep  a  star  visible  for  a  little  time  after  it  had  been 
occulted,  just  as  the  earth's  atmosphere  keeps  the  sun 
visible  about  2  minutes  after  it  has  actually  set.  In  a  simi- 
lar way,  the  star  would  become  visible  a  short  time  before 
the  moon  had  passed  out  of  line  with  it.  The  whole  effect 
would  be  to  make  the  time  of  occultation  shorter  than  it 
would  be  if  there  were  no  atmosphere. 

If  the  moon  had  an  atmosphere  of  any  considcrabh 
extent,  there  would  be  the  effects  of  eiaaioii  on  its  i;urfa(«: 
but  so  far  as  can  be  determined,  there  18  DO  evidence  of  suck 
action.  Its  surface  con.si.sts  of  a  bntreD  waste.  :md  it  k 
perhaps,  much  cracked  up  because  of  the  extremes  of  fc«*« 
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and  cold  to  which  it  is  subject.  But  there  is  Dothing  re- 
sombling  Boil  except,  possibly,  volcanic  ashes.  There  can  be 
no  water  on  the  moon  ;  for,  if  there  were,  it  would  be  at  least 
partly  evaporated,  especially  in  the  long  day,  and  form  an 
atmosphere. 

One  cannot  refrain  from  asking  why  the  moon  has  no 
atmosphere.  It  may  be  that  it  never  had  any.  But  the 
evidence  of  great  surface  disturbances  makes  it  not  altogether 
improbable  that  vast  quantities  of  vapors  have  been  emitted 
from  its  interior.  If  this  is  true,  they  seem  to  have  dis- 
appearet].  Tliere  are  two  ways  in  which  their  disappearance 
can  be  explained.  One  is  that  they  have  united  chemically 
with  other  elements  on  the  moon.  As  a  possible  example  of 
such  action  it  may  he  mentioned  that  there  arc  vast  quan- 
tities of  oxygen  in  the  rocka  of  the  earth's  crust,  which  may, 
perhaps,  have  been  largely  derived  fram  the  atmosphere. 
The  second  explanation  is  that,  according  to  the  kinetic 
theory  of  gases,  the  moon  may  have  lost  its  atmosphere  by 
the  escape  of  molecule  after  molecule  from  its  gravitative 
control.  Thin  might  be  a  relatively  rapid  process  in  the  case 
of  a  body  having  the  low  velocity  of  escape  of  1.5  miles  per 
second  (Art.  33),  especially  if  its  days  were  so  long  that  its 
surface  became  highly  heated. 

It  seems  probable,  therefore,  that  the  moon  could  not 
retain  an  atmosphere  if  it  had  one,  and  that  whatever  gases 
it  may  ever  have  acquired  from  volcanoes  or  other  sources 
were  speedily  lost, 

132.  The  Light  and  Heat  received  by  the  Earth  from  the 
Mood. — The  average  distances  of  the  earth  iind  the  moon 
from  the  sun  am  about  the  same;  and,  consequently,  the 
earth  and  the  moon  receive  about  equal  amounts  of  light 
and  heat  per  unit  area.  The  amount  of  light  and  heat  that 
the  earth  i-eceives  from  the  moon  depends  upon  how  much 
the  moon  receives  from  the  aim,  what  fraction  it  reflects, 
its  distance  from  the  earth,  and  its  phase.  It  is  easy  to  see 
that,  if  all  the  light  the  moon  receives  were  reflected,  the 
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amount  which  strikes  the  earth  could  be  computed 
phase  as,  for  example,  when  the  moon  is  full.  It  is  found  by 
taking  into  account  all  the  factors  involved  that,  if  the  moon 
were  a  perfect  mirror,  it  would  give  the  earth,  when  it  ia 
full,  about  YosJooo"  as  much  light  as  the  earth  receives  from 
the  sun.  As  a  matter  of  fact,  the  moon  is  by  no  means  a 
perfect  reflector,  and  the  amount  of  light  it  sends  to  the 
earth  is  very  much  less  than  this  quantity. 

It  is  not  easy  to  compare  moonlight  with  sunlight  by  direct 
measurements,  and  the  results  obtained  by  different  observ- 
ers are  somewhat  divergent.  The  measurements  of  Z611- 
ner,  which  are  commonly  accepted,  show  that  sunhght  is 
618,000  times  greater  than  the  light  received  from  the  full 
moon.  Sir  John  Herschel's  observations  gave  the  notably 
amaller  ratio  of  465,000.  At  other  phases  the  moon  gives 
not  only  correspondingly  less  light,  but  less  than  would  be 
etpected  on  the  basis  of  the  part  of  the  moon  illuminated. 
For  example,  at  first  quarter  the  illuminated  area  is  half 
that  at  full  moon,  but  the  amount  of  hght  received  is  less 
than  one  eighth  that  at  full  moon.  This  phenomenon  is 
doubtless  due  to  the  roughness  of  the  moon's  surface.  More- 
over, the  amount  of  light  received  from  the  moon  near  first 
quarter  is  somewhat  greater  than  that  received  at  the  cor- 
responding phase  at  third  quarter,  the  difference  being  due 
to  the  dark  spots  on  the  eastern  limb  of  the  moon.  On 
taking  into  consideration  the  whole  month,  the  average 
amount  of  light  and  heat  which  the  moon  furnishes  the  earth 
cannot  exceed  gTs"oo.^o^  ^^  ^^^^  received  from  the  sun.  In 
other  terms,  the  earth  receives  as  much  light  and  heat  from 
the  sun  in  13  seconds  as  it  receives  from  the  moon  in  the 
course  of  a  whole  year. 

133.  The  Temperature  of  the  Moon.  —  The  temperature 
of  the  moon  depends  upon  the  amount  of  heat  it  receives, 
the  amount  it  reflects,  and  its  rate  of  radiation.  About  7 
per  cent  of  the  heat  which  falls  on  the  moon  is  directly  re- 
flected, and  this  has  no  effect  upon  its  temperature.     The 
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1  the  moon,  its  rays  continue  to  beat  down 

B  surface,  which  is  entirely  unprotected  by  clouds  or 

ffor  more  than  14  of  our  days.     During  this   time  the 

Inperature  rises  above  the  freezing  point  and  it  may  even 

\  up  to  the  boiling  point.     When  the  sun  sets,  the  darkness 

t  midnight  immediately  follows  because  there  is  no  atmos- 

lere  to  produce  twilight,  and  the  heat   rapidly   escapea 

Bto  space.     In  the  course  of  an  hour  or  two  the  temperature 

r  the  surface  probably  falb  below  the  freezing  point,  and 

1  the  course  of  a  day  or  two  it  may  descend  to  100°  below 

It  will  either  remain  there  or  descend  still  lower  until 

Hhe  sun  rises  again  14  days  after  it  has  set. 

f  The  cUmatic  conditions  on  the  moon  illustrate  in  the  most 

liking  manner  the  effects  of  the  earth's  atmosphere  and 

Jie  consequences  of  the  earth's  whort  period  of  rotation. 

134.  General  surface  Conditions  on  the  Moon.  —  On  the 
phole,  the  surface  of  the  moon  is  extremely  rough,  showing 
>  effects  of  weathering  by  air  or  water.  It  is  broken  by 
iveral  mountain  chains,  by  numerous  isolated  mountain 
jaks,  and  by  more  than  30,000  observed  craters.  There 
!  several  large,  comparatively  smooth  and  level  areas, 
Vhich  were  called  maria  (seas)  by  Galileo  and  other  early 
»ervers,  and  the  names  are  still  retained  though  modem 
iBtruments  show  that  they  not  only  contain  no  water  but 
J  often  rather  rough.  The  smooth  places  are  the  areas 
Twhich  are  relatively  dark  aa  seen  with  the  unaided  eye  or 
through  a  small  telescope.  For  example,  the  dark  patch 
near  the  bottom  of  Fig.  75  and  a  little  to  the  left  of  the 
center  with  a  rather  sharply  defined  lower  edge  is  known  as 
Mare  Serenitatis  (The  Serene  Sea),  The  light  line  running 
out  from  the  right  of  it  and  just  under  the  big  crater  Coper- 
nicus is  the  Apennine  range  of  mountains.  The  most  con- 
spicuous features  which  are  -visible  with  an  ordinary  invert- 
ing telescope  are  shown  on  the  map,  Fig.  76. 

136.   The    Mountains    on   the    Moon.  —  There   are   ten 
L  ranges  of  mountains  on  the  part  of  the  moon  which  is  visible 
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remaining  93  per  uent  in  sibnorhed  and  raises  the  tE 
ture  of  its  surface.  The  rate  of  radiation  of  the 
surface  mritcriaLs  for  a  given  temperature  is  not  knc 
cause  of  tlie  uncprtainties  of  their  composition  and 
cal  condition.  Neverthelees,  it  can  be  determined,  i 
roughly,  at  the  time  of  a  total  eclipse  of  the  moon. 

Consider  the  moon  when  it  is  nearly  full  and  just  fc 
is  eclipsed  by  passing  into  the  earth's  shadow,  as 
Fig.  81.  The  side  toward  the  earth  is  subject  to  t 
pendicular  rays  of  the  sun  and  has  a  higher  temp 
than  any  other  part  of  itfl  surface.  It  is  easy  to  n 
with  some  approximation  the  amount  of  heat  receiv* 
the  moon,  but  it  is  not  easy  to  determine  what  part 
reflected  and  what  part  is  radiated.  Now  suppose  th 
passes  on  into  the  earth's  shadow  so  that  the  direct 
the  sun  are  cut  off.  Then  all  the  heat  received  fr 
moon  is  that  raiiiated  from  a  surface  recently  exposei 
sun's  rays.  This  can  be  measured ;  and,  from  the  i 
received  and  the  rate  at  which  it  decreases  as  the 
continues,  it  is  possible  to  determine  approximati 
rate  at  which  the  moon  loses  heat  by  radiation,  an 
this  the  temperature  to  which  it  has  been  raised.  Th( 
vations  show  that  the  amount  of  heat  received  fr 
moon  diminishes  very  rapidly  after  the  moon  paae 
the  earth's  shadow.  This  means  that  its  radiation 
rapid  and  that  probably  its  temperature  does  not  ri 
high.  It  doubtless  is  safe  to  state  that  at  its  maxii 
is  between  the  freezing  and  the  boiling  points.  TTii 
work  of  Very  leads  to  the  conclusion  that  the  buj 
heated  at  its  highest  to  a  temperature  of  200°  Fahra 

It  is  now  possible  to  get  a  more  or  less  satisfaoto 
of  the  temperature  conditions  of  the  moon.     It  B 
remembered,  in  the  first  place,  that  its  day  is  28.SJ 
long  as  that  of  the  earth.     In  the  second  plac« 
atmospheric  envelope  to  keep  out  the  heat  in 
and  to  retain  it  at  night.     Consequently,  when 


mountains  on  the  earth  were  relativHy  as  lai^ 
be  more  than  15  milK;  high.  The  hrijdu  of  the  1 
tains  is  undoubtedly  due,  at  least  in  pan,  to  tlu 
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volcanic  oripn,  the  activity  which  was  present  on  the  moon 
enormously  Hurpassed  anything  now  known  on  the  earth. 
In  view  of  the  fact  that  there  are  no  lava  flowsj  and  that  in 
moat  coaes  the  material  around  a  crater  would  not  &11  it, 
the  volcanic  theory  of  their  origin  has  been  by  no  means 
universally  accepted.  Another  suggestion  is  that  the  cratera 
have  been  formed  Ijy  the  bursting  out  of  great  masses 
of  gas  which  gathered  under  the  surface  of  the  moon  and 
became  heated  and  subject  to  great  tension  because  of  its 
mtraction,  According  to  this  theory,  the  escaping  gas 
r  out  large  masses  of  the  material  which  covered  it  and 
{bus  made  the  rims  of  the  craters.  But  it  is  hard  to  account 
r  the  mountains  which  are  so  often  seen  in  the  interiors 
f  craters. 
Gilbert  suggested  that  the  lunar  craters  may  have  been 
formed  by  theimpactsof  huge  meteorites,  in  some  cases  many 
miles  across.  It  is  certain  that  such  bodies,  weighing  hun- 
dreds of  pounds  and  even  tons,  now  fall  upon  the  earth 
occasionally.  It  is  supposed  that  millions  of  years  ago  the 
collisions  of  these  wandering  masses  with  the  earth  and 
[jepoon  were  much  more  frequent  than  they  are  at  the 
mi  time.  When  they  strike  the  earth,  their  energy  is 
ttgely  taken  up  by  the  cushion  of  the  earth's  atmosphere; 
when  they  strike  the  moon,  they  plunge  in  upon  its  surface 
with  a  speed  from  50  to  100  times  that  of  a  cannon  ball. 
tt  does  not  seem  improbable  thiit  masses  many  miles  across 
md  wdghing  millions  of  tons  might  produce  splashes  in  the 
rface  of  the  moon,  even  though  it  be  noUd  rock,  analo- 
I  to  the  craters  which  are  now  observed.  The  heat 
merated  by  the  impacts  would  be  sufficient  to  liquefy  the 
BmaterialB  immediately  under  the  place  where  the  meteorites 
*  Btruck,  and  might  even  cause  very  great  explosions.  The 
mountains  in  the  centers  might  be  due  to  a  sort  of  re- 
action from  the  original  splash,  or  from  the  heat  produced 
by  the  collision.  At  any  rate,  numerous  experiments  with 
projectiles  on  a  variety  of  substances  have  shown  that  pita 
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noon.  They  are  easily  seen  in 
■<\  by  some  that  they  are  lava 
r)iey  were  great  cracks  in  the 
hen  the  craters  were  produced, 
vi-iiii  lighter  colored  material 
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^**  '^fc^*  4Mal>  i>  Ae  ae^'s  «tif&cv,  a  nrile  or  m 
^f^  ^  4Mn»4f  aafc  A^k  ladfleanimes  as  much  a^ 
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..,^..,-   \v*v  Svu  >»ts(w»rt«I.     The  most  probaUe  change  of 
...      .....^.j^  -j^^:>K'iiu  iV^ure  is  in  the  small  crater  IJnn^,  in 

^»,.,^  Xivuiwus.  h  W!»iS  mapped  about  a  century  ago, 
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w  X  .vK  '■idtNA  --ks  >>u  the  original  mape.  It  isgraierally 
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v-v     •   ^-'.«i).^  -uimiM  wf  da^-s,  it  follows  that  an  observer 

■fcVVv  W*  ^    '■ "    '"■^^■'■'*  *^-'™^  exactly  the  same  view  of 

1^  *X"h^     ^      '      ^"'" '"''  '^''''"  °***''^^  changes  in  some 

V,.  '■■-   •t^'ii  '■■'■phase  of  the  moon,  which 
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1  ■  -  >  where  he  supposes  heavier 

V       .1.  vi«.i  -  ^lught  collect.     Some  of  his 

^.'x  N<^  vwbul  i-gr  other  astronomers,  but 
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bis  rather  bold  speculations  ns  to  their  meaning  have  not 
been  accepted. 

It  is  altogether  probable  that  the  moon  long  ago  arrived 
at  the  atage  when?  surface  changes  practically  ceased.  The 
only  known  influences  which  could  now  disturb  its  surface 
are  the  feeble  tidal  strains  to  which  it  is  subject,  and  the 
extremes  of  temperature  between  night  and  day.  While  it 
would  be  too  much  to  say  that  slight  disintegration  of  the 
surface  rocks  may  not  still  be  taking  place,  yet  it  is  certain 
that,  on  the  whole,  the  moon  is  a  body  whose  evolution  is 
essentially  finished.  The  seasonal  changes  are  unimportant, 
but  there  is  alternately  for  two  weeks  the  blinding  glare  of 
the  suidight,  never  tempered  by  passing  clouds  or  even  an 
atmosphere,  and  the  blackness  and  frigidity  of  the  long  lunar 
night.  Month  succeeds  month,  age  after  age,  with  no  im- 
portant variations  in  these  phenomena. 

139.  The  Effects  of  the  Moon  on  the  Earth.  —  The  moon 
reflects  a  relatively  Hmali  amount  of  sunhght  and  heat  to 
the  earth,  and  in  conjunction  with  the  sun  it  produces  the 
tides.  These  are  the  only  influences  of  the  moon  on  the 
earth  that  can  be  observed  by  the  ordinary  person.  It  has 
a  number  of  very  minor  effects,  such  as  causing  minute 
variations  in  the  magnetic  needle,  the  precession  of  the  equi- 
noxes, and  slight  changes  in  the  motion  of  the  earth;  but 
they  are  all  so  small  that  they  can  be  detected  only  by  re- 
fined scientific  methods. 

There  are  a  great  many  ideas  popularly  entertained,  such 
as  that  it  is  more  liable  to  rain  at  the  time  of  a  change  of 
the  moon,  or  that  crops  grow  best  when  planted  in  certain 
phases,  which  have  no  scientific  foundation  whatever.  It 
follows  from  the  fact  that  more  light  and  heat  are  received 
from  the  aun  in  13  seconds  than  from  the  moon  in  a  whole 
year,  that  its  heating  effects  on  the  earth  cannot  be  impor- 
tant. The  passing  of  a  fleecy  cloud,  or  the  haze  of  Indian 
summer,  cuts  off  more  heat  from  the  aun  than  the  moon 
L  BOids  to  the  earth  in  a  year.     Consequently,  it  is  entirely 
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1 1  the  moon  is  about  to  be  eclipsed,  it  passes  from  full 

:  itioQ  by  the  sun  gradually  into  the  penumbra,  where 

I  ■  mly  a  small  part  of  the  aim  is  obscured,  and  it  then 

I-  steadily  across  tKe  shadow  of  increasing  density 

nrrives  at  A,  where  the  sun's  light  is  entirely  cut  off, 

t^iTice  across  the  earth's  shadow  is  so  great  that  the 

lutally  eclipsed  for  nearly  2  hours  while  it  is  pass- 

;  I  High  the  umbra,  and  the  time  from  the  first  contact 

iiiiii  ilie  umbra  until  the  last  is  about  3  hours  and  45  minutes. 

It  appears  from  Fig.  80  that  the  moon  would  be  eclipsed 

pvejy  time  it  is  in  opposition  to  the  sun,  but  this  figure  is 

drawn  to  show  the  relations  as  one  looks  perpendicularly 

on  the  plane  of  the  ecliptic,  neglecting  the  inclination  of  the 

'     moon's  orbit.     Figure  81  shows  another  section  in  which 
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i  plane  of  the  moon's  orbit,  represented  by  MN,  is  pei^ 
endicular  to  the  page.  It  is  obvious  from  this  that,  when 
he  moon  is  in  the  neighborhood  of  N,  it  will  pass  south  of 
e  earth's  shadow  instead  of  through  it.  The  proportions 
K  the  figure  are  by  no  meaas  true  to  scale,  but  a  detailed 
icussion  of  the  numbers  involved  shows  that  usually  the! 
ran  will  pass  through  opposition  to  the  sun  without  en- 
»untering  the  earth's  shadow.  But  when  the  earth  is  90° 
I  its  orbit  from  the  position  shown  in  the  figure,  that  is, 
Vhen  the  earth  as  seen  from  the  sun  is  at  a  node  of  the  moon's 
prbit,  the  plane  of  the  moon's  orbit  will  pass  through  the 
a,  and  consequently  the  moon  will  be  eclipsed.  At  least, 
e  moon  will  be  eclipsed  if  it  is  full  when  the  earth  is  at  or 
ar  the  node.  The  earth  is  at  a  node  of  the  moon's  orbit 
St  two  times  in  the  year  separated  by  an  interval  of  six 
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iquently,  eclipses  of  the  sun  lost  for  a  very  short  tima^ 
"hia  statement  is  equivalent  to  saying  that  the  shadow  cone 
f  the  moon  comes  to  a  point  near  the  surface  of  the  earth, 
Vb8  is  shown  in  Fig.  80.  It  is  also  obvious  from  this  diagram 
l^at  the  aun  is  eclipsed  as  seen  from  only  a  small  part  of  the 
Vesrth.  As  the  moon  moves  around  the  earth  in  its  orbit 
land  the  earth  rotates  on  its  axis,  the  shadow  cone  of  the 
I' moon  describe!?  a  streak  across  the  earth  wliich  may  be 
I  somewhat  curved. 

It  follows  from  the  fact  that  the  path  of  the  moon's  shadow 
s  the  earth  is  very  narrow,  as  shown  in  Fig.  82,  that  a 
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total  echpse  of  the  sun  will  be  obatrveil  \er\  mfrequently 
at  any  given  place  On  thjs  account  a*  well  as  because  it 
IS  a  startling  phenomenon  for  the  sun  to  become  dark  m  the 
daytime  eehpsea  have  alwayn  been  very  noteworthy  occur 
rences  Repeatedly  m  anaent  times  in  which  the  chro- 
nology was  very  uncertain  writers  referred  to  eclipses  m  con 
nection  with  certain  histontal  events  and  istronomers 
calculating  back  aero-*'*  the  centuries    have  been  able  to 
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CHAPTER  \T1I 

THE    SOLAR    SYSTEM 

I.   The  Law  of  GnAViTATii 

143.   The  Members  of  the  Solar  System 

of  the  solar  syyti.'iii  are  the  sun,  the  plaui;< 
lites,  the  plaiii'toids,  the  comets,  and  the  > 
possibly  be  that  some  of  the  comets  and  Iti 
toward  the  sun  from  great  distances  and 
arc  only  temporary  members  of  the  sy 
the  one  preeminent  body.     Its  volume  it 
times  that  of  nU  the  other  bodies  comli. 
great  that  it  coutrols  all  their  motions,  ain 
and  warm  Ihem.     It  is  impossible  to  r 
without  taking  into  account  their  relati* 
the  constitution  and  evolution  of  the 
pendent  of  the  planets. 

The  eight  known  planets  are,  in  the  oi 
from  the  sun,  Jlercury,  Venus,  Earth,  M 
Uranus,  and  Neptune.  The  first  six  on 
to  the  unaided  eye  when  they  are  favorji 
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have   been    known    from   prehistoric  1/  'ir    m 

Neptune  were  discovered  in   1781  an  '"j\j  -.ati 

The  planetoids  (often  called  the  sinall  "  '   "     ,       j- " 

the  asteroids)  arc  small  planets  wlili  I  .-—.^ 

revolve  around  the  sun  between  .ihei 

Jupiter,     The  comets  are  Itizarri'  '  ^  a j 
very  elongntod  ;md  lie  in  every  dori^^^^^^b^^^^h 
orbits  of  the  ijlanets.     Probably 
are  the  remains  of  disintegra 
only  when  they  strike  into  th' 
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m.  The  sqitares  of  the  periods  of  any  two 
proportional  to  the  cubes  of  thmr  mean  diatan 
sun. 

All  the  complexities  of  the  apparent  motions  o 
are  explained  by  Kepler's  three  simple  laws  wl 
conncctian  with  the  periods  of  the  planets  and  i 
of  their  orbits. 

146.  The  Law  of  Gravitatioa.  —  Newton  baa 
estdiscovery,  the  law  of  gravitation,  on  Kepler's! 
each  one  of  them  he  drew  an  important  concilia 

Newton  proved  by  a  suitable  mathematical 
based  on  his  laws  of  motion,  that  it  follows  fr 
first  law  that  every  planet  is  acted  on  by  a  force 
reded  toward  the  sun.  This  was  the  first  time  i 
and  planets  were  shown  to  be  connected  dynaa 
fore  Newton's  time  it  was  generally  supposec 
was  some  force  actiag  on  the  planets  in  the  diret 
motion  which  kept  them  going  in  their  orbits. 

The  first  law  of  Kepler  led  to  the  conclusion  tha 
are  acted  on  by  forces  directed  toward  the  sun, 
information  whatever  regarding  the  manner  i; 
forces  depend  upon  the  position  of  the  planet. 
law  furnishes  a  basis  for  the  answer  to  this  ({ 
from  it  Newton  proved  that  the  force  acting  ot 
varies  inversely  as  the  square  of  its  distance  from  i 

The  law  of  the  inverse  squares  is  encountq 
phenomena  besides  gravitation.  For  exainplej 
magnetic  and  electric  forces,  the  intensity  of, 
sound,  and  the  magnitudes  of  water  and  earthy 
The  reason  it  holds  for  the  radiation  of  light  is  ( 
stood.  The  area  of  the  spherical  surface  whj 
cross  in  proceechng  from  a  point  is  proportl 
square  of  its  radius.  Since  the  intensity  of  ill 
inversely  proportional  to  the  illuminated  area,  I 
as  the  square  of  the  distance.  If  gravitation  1 
depended  on  lines  of  force  extending  out  fromm^ 
I 


^^^^^^^^^^^1 

232     AN    INTRODIK   ■ 

-^kSIT  ICH.  vui,  !47 

phenomena  it  coordiiiL' 

MM  iiMiiiili were 

Bcientist  of  making  pi 

.tfaixan. 

tation  in  these  reaiw  ■ 

Tton's  greatest 

tiicr  scientific 

^^^§ 

■  tent   judges. 

^^^^^V 

-'-1716),acon- 

^^^^^^^ 

-^id,  "  Taking 

^^^^^^^m 

-il  to  the  time 

^^^^^^^^P 

-     iirh  the  better 

^^^^^^^^L^ 

_      ■;■■  (1736-1813), 

^^^^^^^^m 

.)i;iTiic9,  wrote, 

^^^^^^^^K 

- ;  visted,  and  the 

^^^^^^^^B 

:in  once  a  sys- 

^^^^^^^^H^ 

,     il  writer  on  the 

^^^^^^^^^p 

l:iw  of  gravita- 

^^^^^^^^^L 

.[i:il('st  seientific 

^^^^^^^^pr 

.  advanee  which 

^^^^^^^n^ 

-    :,  n,-the  funda- 

^^^^■^ 

-  ;li,"     Compare 

^^^^^K^ 

1     .  Xewton'a  own 

^^^^^^n 

:;     ""  I  do  not  know 

^^^^^Hk 

.    -.u  myself  I  seem  to 

^^^^^K 

^   «  the  seashore,  and 

^^^f 

^^j^a^  n  smoother  pebble 

^^^M 

^jk  the  great  ocean  of 

^^B^ 

_    .^*    There   is  every 

^^fc 

-**?  Mid  unaffected  ex- 

^  ^  the  magnitude  of 

Vwton  lies  buried 

■.ifch  dead,  and  over 

Naturalis  Pr' 

:«^[ntved,  "  Mortals, 

ciples  of  Nfttu 

t  nan  has  lived  for 

Principia,  Ni' 

of  the  motion> 

tiiviBg  found  that,  if 

explained  by  i 

Z|^^  MBter  of  force  at  a 

THE   SOLAR  SYSTEM 


2351 


|{h< 


lithe  force  to  which  it  is  subject  varies  inversely  a 
!  of  its  distance,  Newton  tooit  up  the  converse  I 
Under  the  assumption  that  the  attractive  force  ] 
|iversely  as  the  square  of  the  distance,  he  proved   i 
i  orbit  must  be  what  is  called  a 
Hon,  an  example  of  which  is  the 

Iconic  sections  are  highly  interesting 
first  studied  by  the  ancient  Greeks. 
ley  derive  their  name  from  the  fact  that 
ley  can  be  obtained  by  cutting  a  circular 
le  with  planes.     In  Fig.  S8  is  shown  a 
luble  circular  cone  whose  vertex  is  at  V. 
plane  section  perpendicular  to  the  axis 
the  cone  gives  a  circle  C     An  oblique 
ition  pves  an  ellipse  E ;  however,  the 
►lane  must  cut  both  sides  of  the  cone, 
len  the  plane  is  parallel  to  one  side,  or 
lement,  of  the  cone,  a  parabola  P  is  ob- 
tained.    When  the  plane   cuts  the  two 
branches   of   the  double   cone,  the  two 
branches  of  an  hyperbola  HH  are  ob- 
tained.    There  are  in  addition  to  these  ' 
figures  certain  limiting  cases.    One  is  that 
in  which   the   intersecting   plane   passes 
only   through    the   vertex    V    giving  a 
ample  point ;  another  is  that  in  which  the  intersecting  plane 
touches  only  one  element  of  the  cone,  giving  a  single  strMght 
Une;  and  the  last  is  that  in  which  the  intersecting  plane 
pa^es  through  the  vertex  V  and  cuts  both  branches  of  the 
oone,  giving  two  intersecting  straight  Hnes. 

The  character  of  the  conic  described  depends  entirely 
upon  the  central  force  and  the  way  in  which  the  body  is 
started.  For  example,  suppose  a  body  is  started  from  0, 
Fig.  89,  in  the  direction  OT.  perpendicular  to  OS.  If 
the  initial  velocity  of  the  body  is  zero,  it  will  fall  straight  to 
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have  become  extinct,  and,  similarly,  what  the  conditions  were 
back  before  the  time  when  life  on  the  earth  began. 

The  law  of  gravitation  was  undoubtedly  Newton's  greatest 
discovery,  and  the  importance  of  it  and  his  other  scientific 
work  is  indicated  by  the  statements  of  competent  judges. 
The  brilliant  German  scholar,  Leibnitz  (1046-1716),  a  con- 
temporary of  Newton  and  his  greatest  rival,  said,  "  Taking 
mathematics  from  the  beginning  of  the  world  to  the  time 
when  Newton  lived,  what  he  had  done  was  much  the  better 
half."  The  French  mathematician,  Lagrange  (1736-1813), 
one  of  the  greatest  masters  of  celestial  mechanics,  wrote, 
"  Newton  was  the  greatest  genius  that  ever  existed,  and  the 
moat  fortunate,  for  we  cannot  find  more  than  once  a  sys- 
tem of  the  world  to  establish."  The  English  writer  on  the 
history  of  science,  Whewell,  said,  "  It  [the  law  of  gravita- 
tion] is  indisputably  and  incomparably  the  greatest  scientific 
discovery  ever  made,  whether  we  look  at  the  advance  which 
it  involved,  the  extent  of  the  truth  disclosed,  or  the  funda- 
mental and  satisfactory  nature  of  this  truth."  Compare 
these  splendid  and  deserved  eulogies  with  Newton's  own 
estimate  of  his  efforts  to  find  the  truth :  "  I  do  not  know 
what  I  may  appear  to  the  world ;  but  to  myself  I  seem  to 
have  been  only  like  a  boy  playing  on  the  seashore,  and 
diverting  myself  in  now  and  then  finding  a  smoother  pebble 
or  a  prettier  shell  than  ordinary,  while  the  great  ocean  of 
truth  lay  all  undiscovered  before  me."  There  is  every 
reason  to  behevc  that  this  is  the  sincere  and  unaffected  ex- 
pression of  a  great  mind  which  realized  the  magnitude  of 
the  unknown  as  compared  to  the  known. 

In  Westminster  Abbey,  in  Loudon,  Newton  lies  buried 
among  the  noblest  and  the  greatest  English  dead,  and  over 
his  tomb  on  a  tablet  they  have  justly  engraved,  "  Mortals, 
congratulate  yourselves  that  so  great  a  man  has  lived  for 
the  honor  of  the  human  race." 

148.  The  Conic  Sections.  —  After  having  found  that,  if 
the  orbit  of  a  body  is  an  ellipse  with  the  center  of  force  at  a 
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focus,  then  the  force  to  widdt  it 

iho  square  of  its  distaaee^  Kt 

problem.     Under  the  «"—f*» 

varies  inversely  as  the  mftan  of  tkt  diiilMiii .  W  ff^wj 

Ihat  the  orbit  ini»t  be  wint  ia  cifled  m 

tonic  section,  an  exaiDjip  of  winclt  it  tke 

ellipse. 

The  conic  sections  are  higUsr  istacMiaB 
rurv<«  first  stuitied  by  the  aBCMtt  Gnifa. 
Tbey  derive  their  name  (ma  the  fact  tfaat 
the>- can  be  obtained  by  euttusai 
coDe  nith  planes.  In  Fig.  88  t«  Aom 
double  circular  cone  whose  vtrt^  is  at 
A  plane  section  perpendiralar  to  tlw  a 
of  the  cone  gives  a  circle  C. 
swtion  gives  an  ellipee  B;  bowerfr,  the 
plane  must  cut  both  ades  of  the  oooe. 
When  the  plane  is  parallel  to  one  ade,  or 
element,  of  the  cone,  a  parabola  P  is  oh- 
laiaed.  When  tbe  pbate  cote  the  tiro 
bnoebes  of  tbe  double  eone,  tbe  tiro 
faraacfaes  of  an  hyperbola  H  H  are  ob- 
tatoed.  There  are  in  addition  to  these  ' 
figures  certain  limiting  cae«s.  One  is  that 
in  wlnfb  tbe  iatersecting  plane  passe 
mly  throu^  the  vertex  V  giving  a 
anple  point ;  another  is  that  in  which  the  intersecting  plane 
tDocfaes  only  one  element  of  tbe  cone,  ^^ing  a  sinple  stniiKln 
ine:  and  tbe  last  is  that  in  which  tbe  intersecting  )i)nm> 
pases  through  tbe  vertex  V  and  cuts  both  branches  of  the 
noe,  giving  two  inter^^ecting  straight  lines. 

Til*  fharacter  of  the  conic  describetl  depends  entirely 
ipi^  the  central  force  and  the  way  in  which  the  Uuly  in 
ftartad-  Kor  example,  suppose  a  body  is  started  from  f), 
fjg.  39.  in  the  direction  OT,  pen>eiidieuhir  to  OS.  If 
theiMaBi  vdoeity  of  the  body  is  zero,  it  will  fall  strait  to 


:*   >:rfWI7IOTMK  TO  ASTRONOMY  (do.  Tm.  148 


^"  u 


too  great,  it  will  describe  the 

^  wL  bir  ik  aphelion  pcant.    If  the  initial 

^rsic  iHHigli  80  that  the  centrifugal  accder- 

.    Of  tCBSMtn,  the  orbit  will  be  the  circle  C. 

•:   uttaA  -vMiwHr  3^  kittle  greater  than  that  in  the  circle, 

itiPcrrOir  i&»  ellipse  E',  and  0  will  be  the  peri- 
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Tdodty  is  exactly  V2  times 
that  for  the  circular  orbit 
the  body  will  move  in  the 
parabola  P.     If  the  initial 
Tdodty  is  still  greater,  the 
orbit  will  be  an  hyperbola  H. 
And  finally,  if  the  initial  ve- 
locity is  infinite,  the  path  will 
be  the  straight  line  whose 
direction  is  OT.     If  the  ini- 
uaI  direction  of    motion  is 
not  perpendicular  to  OS,  the 
net^ts  are  analogous,  except 
that  there  is  then  no  initial 
Tifilocity  which  will   give   a 
angular  orbit. 

It  is  seen  from  this  discus- 

:$ioii  that  it  is  as  natural  for  a 

Kniy  to  move  in  one  conic 

>^aiir  rf  the  satellites  move  in  orbits 

j<^^iilic::  ^fc<^  planets  move  in  ellipses 

u   «iiti*iaii«i:  many  comets  move  in 

9«inJ3yibi^;  and  there  may  possibly 

^  4riMr  Xxm  of  Force.  —  Many 
Aha  ^  the  inverse  squares  are 
^  fh(»  itMftsity  of  a  force  might 
iitilf«r>df  tlie  distance.  The  char- 
3  Jjrli  Wly  moving  subject  to  any 
^  -^  %  wMhematical  processes. 
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It  ia  found  that,  if  the  force  varied  according  to 
power  of  the  distance  than  the  inverse  square,  except  directly 
aa  the  first  power,  then  (save  in  special  initial condition3)the 
orbits  would  be  curves  leading  either  into  the  center  of  force 
or  out  to  infinity.  Such  a  law  would  of  course  be  fatal  to 
the  permanence  of  the  planetary  system. 

If  the  force  varied  directly  as  the  distance,  the  orbits 
would  all  be  exactly  ellipses,  in  spite  of  the  mutual  attrac- 
tions of  the  planets,  the  sun  would  be  at  the  center  of  all  the 
orbits,  and  all  the  periods  would  be  the  same.  This  would 
imply  an  enormous  speed  for  the  remote  bodies. 

150.  Perturbations.  —  If  the  planets  were  subject  to  no 
forces  except  the  attraction  of  the  sun,  their  orbits  would  be 
strictly  ellipses.  But,  according  to  the  law  of  gravitation, 
every  planet  attract-^  every  other  planet.  Their  mutual 
attractions  are  small  compared  to  that  of  the  sun  because 
of  their  relatively  small  musses,  but  they  cause  sensible, 
though  small,  deviations  from  strict  elliptical  motion,  which 
are  called  perturbations. 

The  mutual  perturbations  of  the  planets  are  sometimes 
regarded  as  blemishes  on  what  would  be  otherwise  a  perfect 
system.  Such  a  point  of  view  is  quite  unjustified.  Each 
body  is  subject  to  certain  forces,  and  its  motion  is  the  result 
of  its  initial  position  and  velocity  and  these  forces.  If  the 
masses  of  the  planets  were  not  so  small  compared  to  that  of 
the  sun,  their  orbits  would  not  even  resemble  ellipses. 

The  problems  of  the  mutual  perturbations  of  the  planets 
and  those  of  the  perturbations  of  the  moon  are  exceedingly 
diJEcult,  and  have  taxed  to  the  utmost  the  powers  of  mathe- 
maticians. In  order  to  obtain  some  idea  of  their  nature  con- 
sider the  case  of  only  two  planets.  Pi  and  Pj.  The  forces 
that  Pi  and  P»  would  exert  upon  each  other  if  they  both 
moved  in  their  unperturbetl  elliptical  orbits  can  be  computed 
without  excessive  difficulty,  and  the  results  of  these  forces 
can  be  determined.  But  the  resulting  departiu'es  from  ellip- 
tical motion  cause  corrM|x)ntling  alterations  in  the  forces. 
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celebrated  example  of  this  converse  problem  led  to  the  (lis-  I 
covery  of  the  planet  Neptune. 

In  1781  William  Herschel  discovered  the  planet  UrarniB 
while  carrying  out  his  project  of  examining  everj'  object  in  I 
the  heavens  within  reach  of  his  telescope.  After  it  had  1 
been  observed  for  some  time  its  orbit  was  computed.  In 
order  to  predict  its  position  exactly  it  was  necessary  to 
compute  the  perturba- 
tions due  to  all  known 
bodies.  This  was  done 
by  Bouvard  on  the  hasU 
of  the  mathematical 
theory  of  Laplace.  But 
by  1820  there  were  un- 
mistakable discordances 
between  theory  and  ob- 
servation ;  by  1830,  they 
were  still  more  serious ; 
by  1840,  they  had  become 
intolerable.  This  does 
not  mean  that  prediction 
assigned  the  planet  to 
one  part  of  the  sky  and 
observation  found  it  in  a 
far  different  one ;  for,  in 
1840,  its  departure  from 
its  calculated  position 
amounted  to  only  two  thirds  the  apparent  distance  between 
the  two  components  of  Epsilon  Lj'ra  (Art.  88),  a  quantity 
invisible  to  the  unaided  eye.  It  seems  incredible  that  so 
Blight  a  discordance  between  theory  and  observation  after  60 
years  of  accumulation  could  have  led  to  any  valuable  results. 

By  1820  it  l)egan  to  be  suggested  that  the  discrepancies 
in  the  motion  of  Uranus  might  be  due  to  the  attraction  of 
a  more  remote  unknown  planet.  The  problem  was  to  find 
the  unknown  planet.     Such  exees.sive  mathematical  difficul- 
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ties  were  involved  that  it  seemed  insoluble.  In  fact,  Sir 
George  Airy,  Astronomer  Royal  of  England,  expressed  him- 
self later  than  1840  aa  not  be- 
lieving the  problem  could  be 
solved.  However,  a  young 
Englisliman,  Adams,  and  a 
j'oung  Frenchman,  Leverrier, 
with  all  the  enthusiasm  of 
yuvith,  quite  independently  took 
ii|)  the  problem  aljout  1845. 
Aihims  fini.shcd  his  work  first 
:m.l  communicated  his  results 
Imih  to  Challia,  at  Cambridge, 
:uiil  to  Airj",  at  Greenwich, 
■]'i>  say  the  least,  they  took 
ii.i  very  active  interest  in  the 
mattor  and  allowed  the  search 
for  the  sujiiwsed  body  to  be 
postponed.  Adams  continued 
his  work  and  made  five  separate 
and  very  lalxirious  computa- 
tions. In  the  meantime  Le- 
verrier completed  his  work  and 
sent  the  results  to  a  young 
German  astronomer,  Galle, 
Impatiently  Galle  waited  for 
the  night  and  the  stars.  On 
the  first  evening  after  ret 
ing  Leverrier's  letter,  Septem- 
ber 23,  1846,  he  looked  for 
the  unknown  body,  and  found 
it  within  half  a  degree  of 
the  position  assigned  to 
by  Leverrier,  which  agreed 
substantially  with  that  indicated  by  Adams. 

Neptune  ia  nearly  throe  thousand  millions  of  miles  from  the 


Pig.  92.  —  JoBBph  Leverrier. 
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earth,  beyond  the  reach  of  all  our  senses  except  that  of  sight, 
and  it  can  be  seen  only  with  telescopic  aid ;  its  distance  is 
80  great  that  more  than  four  hours  are  required  for  its  light 
to  come  to  us,  yet  it  is  bound  to  the  remainder  of  the  sys- 
tem by  the  invisible  bonds  of  gravitation.  But  its  attrac- 
tion slightly  influenced  the  motions  of  Uranus,  and  from 
these  slight  disturbances  its  existence  and  position  were 
inferred.  Notwithstanding  the  fact  that  both  Adams  and 
Leverricr  made  assumptions  respecting  the  distance  of  the 
unknown  body  which  were  somewhat  in  error,  their  work 
stands  as  a  monument  to  the  reajioning  powers  of  the  human 
mind,  and  to  the  perfection  of  the  theory  of  the  motions  of 
the  heavenly  bodies. 

162.  The  Problem  of  Three  Bodies.  —  While  the  prob- 
lem of  two  mutually  attracting  bodies  presents  no  serioua 
mathematical  troubles,  because  the  motion  is  always  in  some 
kind  of  a  conic  section,  that  of  three  bodies  is  one  of  the 
most  formidable  difficulty.  It  is  often  supposed  that  it  has 
not  been,  and  perhaps  that  it  cannot  be,  solved.  Such  an 
idea  is  incorrect,  as  will  now  be  explained. 

The  theory  of  the  perturbations  of  the  planets  is  really  a 
problem  of  three,  or  rather  of  eight,  bodies,  and  has  been 
completely  solved  for  an  interval  of  time  not  too  great.  That 
is,  while  the  orbits  of  the  bodies  cannot  be  described  for  an 
indefinite  interval  of  time  because  they  are  not  closed  curves 
but  wind  about  in  a  very  complicated  fashion,  nevertheless 
it  is  possible  to  compute  their  positions  with  any  desired 
degree  of  precision  for  any  time  not  too  remote.  There- 
fore, in  a  perfectly  real  and  just  sense  the  problem  has  been 
solved. 

There  are  particular  solutions  of  the  problem  of  three 
bodies  in  which  the  motion  can  be  described  for  any  period 
of  time,  however  long.  The  first  of  these  were  discovered 
by  Lagrange,  who  found  two  special  cases.  In  one  of  them 
the  bodies  move  so  as  to  remain  always  in  a  straight  line, 
and  in  the  other  so  as  to  be  always  at  the  vertices  of  an  equi- 
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lateral  triangle.  In  both  cases  the  orbits  are  con 
In  187S  an  American  astronomer,  Hill,  in  comu 
hia  work  on  the  motion  of  the  moon,  discovered 
simple  but  immensely  more  important  special  c 
1890  Poincarfi,  universally  regarded  as  the  great 
matician  of  recent  times,  has  proved  the  exist 
infinite  number  of  these  special  cases  called  period] 
In  all  of  them  the  problem  is  exactly  solved, 
recently  Sundman,  of  Helsingfors,  Finland,  has 
portant  mathematical  sense  solved  the  general  o 
ever,  in  spite  of  all  the  results  that  have  been  a( 
problem  still  pr'jsents  to  the  mathematician  unso 
tions  of  almost  infinite  variety. 

163.  The  Cause  of  the  Tides.  —  So  far  in  I 
discussion  only  the  effect  of 'one  body  on  the 
another,  taken  as  a  whole,  has  been  considen 
remains  to  be  considered  the  distortion  of  one 
the  attraction  of  another.  These  deformations  | 
the  tides. 

Before  proceeding  to  a  direct  discussion  of  the 
lem  it  is  necessary  to  state  an  important  principl 
ij  two  bodies  are  subject  to  equal  parallel  acceler 
relalive  posilitms  are  not  changed.  The  truth  of  t 
sition  follows  from  the  laws  of  motion,  but  it  ift 
derstood  from  an  illustration.  Suppose  two  boi 
same  or  different  dimensions  are  dropped  from  t 
high  tower.  They  have  initially  a  certain  relatj 
other  and  they  are  subject  to  equal  parallel  ac 
namely,  those  produced  by  the  earth's  attractioi 
descent  they  fall  faster  and  faster ;  but,  neglectini 
of  the  resistance  of  the  air,  they  preserve  the  sal 
to  each  other. 

Let  E,  Fig.  93,  represent  the  earth,  and  0  I 
points  on  its  surface.  Consider  the  tendency  t 
M  to  displace  0  on  the  surface  of  the  earth.  Th 
tracts  the  center  of  the  earth  E  in  the  direction 
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matical  treatment,'  and  it  can  be  relied  on  to  givi 
all  that  there  is  in  this  part  of  the  subject. 

A  more  detailed  discussion  than  can  be  entew* 
shows  that  the  tide-raising  forces  are  aljoiit  5 
greater  on  the  side  of  the  eartli  which  isi  toward 
than  on  the  side  away  from  the  moon.  The  fore 
from  the  surface  of  the  earth  in  the  line  of  th** 
about  twice  as  great  as  those  which  are  directed  ^ 
from  this  line.  The  tidal  forces  due  to  the  bud 
less  than  half  as  great  as  those  due  to  the  mooii 
bodies  have  sensible  tidal  effects  on  the  earth. 

164.  The  Masses  of  Celestial  Bodies.  —  The 
celestial  bodies  are  determined  from  their  atti. 
other  bodies.  Suppose  a  satellite  revolves  arou- 
in  an  orbit  of  measured  dimensions  in  an  obser 
From  these  data  it  is  possible  to  compute  the  aeC' 
the  planet  for  the  satellite  because  the  attracti' 
the  centrifugal  acceleration.  It  is  possible  to 
what  the  earth's  attraction  would  be  at  the  san 
and,  consequently,  the  relation  of  its  mass  to  i 
other  planet.  There  has  been  much  difficulty 
the  masses  of  Mercury  and  Venus  because  th^ 
known  satellites.  Their  masses  have  been  detei 
considerable  reliability  from  their  perturbatid 
other  and  of  the  earth,  and  from  their  perturbai 
tain  comets  that  have  passed  near  them. 

A  useful  formula  for  the  sum  of  the  masses 
bodies  mi  and  mt  which  attract  each  other  acco 
law  of  gravitation,  for  example,  the  two  comp 
double  star,  is 


where  a  is  the  distance  between  the  bodies  r 

I  An  analytical  discussion  proves  that  the  tido-raisinK  ' 
tional  to  thp  proiliirt  of  the  mass  of  the  dialurbing  body  at> 
the  disturbed  body,  and  inversely  proportional  to  the  oub* 
betveea  the  duturbioE  and  disturbed  bodies. 
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the  two  seta  of  data  the  velocity  of  the  observer  can  be 
computed.  Since  the  length  of  the  year  is  known,  the  length 
of  the  earth's  orbit  can  be  obtained.  Then  it  is  an  easy  matter, 
making  use  of  the  shape  of  the  orbit,  to  compute  the  mean 
distance  from  the  earth  to  the  sun.  The  results  obtained  in 
this  way  agree  with  those  furnished  by  the  direct  method. 

Another  and  closely  related  method  depends  upon  the 
determination  of  the  earth's  motion  in  the  line  of  sight 
(Art.  226)  by  means  of  the  spectroscope.  Spectroscopic 
technique  has  been  so  highly  perfected  that  when  stars  best 
suited  for  the  purpose  are  used  the  results  obtained  give  the 
earth's  speed  with  a  high  degree  of  accuracy-  Its  velocity 
and  period  furnish  the  distance  to  the  sun,  as  in  the  method 
depending  upon  the  aberration,  and  the  results  are  about  as 
accurate  as  those  furnished  by  any  other  method. 

There  are  several  other  methods  for  finding  the  distance 
to  the  sun  which  have  been  employed  with  more  or  less  suc- 
cess. One  of  them  depends  upon  transits  of  Venus  across 
the  sun's  disk.  Another  involves  the  attraction  of  the  sun 
for  the  moon.  But  none  of  them  is  so  accurate  as  those 
which  have  been  described. 

157.  The  Elements  of  the  Orbits  of  the  Planets.  —  The 
position  of  a  planet  at  any  time  depends  upon  the  size,  shape, 
and  position  of  its  orbit,  together  with  the  time  when  it  was 
at  some  particular  position,  as  the  perihelion  point.  These 
quantities  are  called  the  elements  of  an  orbit,  and  when  they 
are  given  it  is  possible  to  compute  the  position  of  the  planet 
at  any  time. 

The  size  of  an  orbit  is  determined  by  the  length  of  its  major 
axis.  It  is  an  interesting  and  important  fact  that  the  period 
of  revolution  of  a  planet  depends  only  upon  the  major  axis 
of  its  orbit,  and  not  upon  its  eccentricity  or  any  other  cle- 
ment. The  shape  of  an  orbit  ia  defined  by  its  eccentricity. 
The  position  of  a  planet's  orbit  is  determined  by  its  orienta- 
tion in  its  plane  and  the  relation  of  its  plane  to  some  standard 
plane  of  reference.     The  longitude  of  the  perihelion  point 
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defines  the  orientation  of  an  orbit  in  its  plane.  The  plane 
of  reference  in  common  use  is  the  plane  of  the  ecliptic.  The 
position  of  the  plane  of  the  orbit  is  defined  by  the  location 
of  the  line  of  its  intcrstfction  with  the  plane  of  the  ecliptic 
and  the  angle  between  the  two  planes.  The  distance  from 
the  vernal  equinox  eastward  to  the  point  where  the  orbit  of 
the  body  crosses  the  ecliptic 
from  south  to  north  is  called 
the  longitude  of  the  ascend- 
ing node,  and  the  angle  be- 
tween the  plane  of  the  eclip- 
tic and  the  plane  of  the  orbit 
is  called  the  inclination. 

In  Fig.  95,  VNQ  represents 
the  plane  of  the  ecliptic  and 
SNP  the  plane  of  the  orbit. 
The  vernal  equinox  is  at  V, 
the  angle  VSN  is  the  longi-  t* 
tude  of  the  ascending  node, 
the  angle  VSN  +  NSP  is 
the  longitude  of  the  perihelion,  and  the  angle  QNP  is  the 
inclination  of  the  orbit. 

The  elements  of  the  orbits  of  the  planets,  which  change 
very  slowly,  are  given  for  January  I,  1916,  in  Table  IV. 
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i»  »  far  away  from  the  sun 
of  its  light  from  other 
BOre  than  9000  times  as 
frtxa  the  sun,  and,  con- 
.  ..bin  80,000,000  times  as 
if  the  Bun  were  at  the  dis- 


It  is  almost  impossible  to  get  a  correct  mental  picture  of 
the  enormous  dimensions  of  the  solar  system,  ami  there  are 
often  misconceptiona  in  regard  to  the  relative  dimensions  of 
the  orbits  of  the  various  planets.  To  assist  in  grasping  these 
distances,  suppose  one  has  traveled  sufficiently  to  have 
obtained  some  comprehension  of  the  great  size  of  the  earth. 
Then  he  is  in  a  position  to  attempt  to  appreciate  the  distance 
to  the  moon,  which  is  so  far  that  in  spite  of  the  fact  it  is  more 
than  2000  miles  in  diameter,  it  is  apparently  covered  by  a 
one-cent  piece  held  at  the  distance  of  6.5  feet.  In  terms 
of  the  earth's  dimensions,  its  distance  is  about  10  times  the 
circumference  of  the  earth.  It  is  so  remote  that  about  14 
days  would  be  required  for  sound  to  come  from  it  to  Ihe 
earth  if  there  were  an  atmosphere  the  whole  distance  to  trans- 
mit it  at  the  rate  of  a  mile  in  5  seconds. 

Now  consider  the  distance  to  the  sun  ;  it  is  400  times  that 
to  the  moon.  If  the  earth  and  sun  were  put  4  inches  apart 
on  such  a  diagram  as  could  be  printed  in  this  book,  on  the 
same  scale  the  distance  from  the  earth  to  the  moon  would  be 
Y^TT  of  an  inch.  If  sound  could  come  from  the  sun  to  the 
earth  with  the  speed  at  which  it  travels  in  air,  15  years  would 
be  required  for  it  to  cross  the  92,900,000  of  miles  between 
the  earth  and  sun.  Some  one,  having  found  out  at  what 
rate  sensations  travel  along  the  nerve  fibers  from  the  hand 
to  the  brain,  proved  by  calculation  that  if  a  small  boy  with 
a  sufficiently  long  ann  should  reach  out  to  the  sun  and  burn 
his  hand  off,  the  sensation  would  not  arrive  at  his  brain  so 
that  he  would  be  aware  of  his  loss  unless  he  lived  to  be  more 
than  100  years  of  age. 

The  relative  dimensions  of  the  orbits  of  the  planets  can  be 
best  understood  from  diagrams.  Unfortunately,  it  is  not 
possible  to  represent  them  to  scale  all  on  the  same  diagram. 
Figure  96  shows  the  orbits  of  the  first  four  planets,  together 
with  that  of  Eros,  which  occupies  a  imique  position,  and  which 
has  been  used  in  Rettitig  the  scale  of  the  system.  Figure  97 
shows  the  orbits  of  the  planets  from  Mars  to  Neptune  on  a 
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To  the  elements  of  the  orbits  nf  tin. 
added  the  direction  of  their  motion  iu  ordy   • 
complete.     The  result  is  very  simptr,  for 
the  same  direction,  namely,  eastwanl.  ^^ 

The  most  interesting  and  important  wl*"^ 
tary  orbits  is  the  mean  distance.    Tbr 
from  the  sun  is  30  times  that  of  thi- 
times  that  of  Mercury.     Since  tlin  » 
heat  received  per  unit  area  by  a  pi 
the  square  of  its  distance  from  thn  hiiju^ 
units  are  chosen  so  that  the  amount 
is  unity,  then  the  respective  amom  ' 
planets  are:    Mercurj',  6.66;    \r 
Mar.s0.43;  Jupiter,  0.037;  Satun-   ' 
Neptune,  O.OOU.     It  is  seen  that  i^ 
than  900  times  as  much  light  and  Itt^ 
tune,  and  that  iu  the  ease  of  Mi'> 
ratio  is  more  than  0000.     Ohviiiir* 
equal,  the  climatic  conditions  on  |''      - 
in  distance  from  the  sun  would  li'*-^ 

As  seen  from  Neptune  the  f<\i 
than  Venus  does  to  us  when  ii    ~" 
sometimes  supposed  that  Xi-ji". 
of  space  where  the  sun  I'll  4 
is  far  from  the  truth,  fni, 
earth  is  600,000  times   i. 
jrh  as  much  hght  as  tli 
mination  of  Neptune  by  i  i . 
earth  by  the  brightest  IV 
frequently  held  is  that  N 
that  it  gets  a  considml 
suns.     The  nearest  kiin\i 
distant  from  Neptune  ii- 
sequently,  Neptune  rcui  i 
much  light,  and  heat  as  it 
tance  of  the  nearest  star 


^  that  separate  the 

Rotation  Periods  of 
i.tJ  Venus  have  no 
.,jl,je,'l  to  somu  UK- 
vi,  -nirv  and  Venus 
.nii'.'ivorable  po- 
,,.,..  „i  Uranus  and 
le  to 
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f  markings  on  their  surfaces.     There  ia  s 
iie  diameters  of  the  planets  on  account  of   , 


0500^11:2^ 


what  is  called  irradiation,  which  makes  a  luminous  object 
appear  larger  than  it  actually  ia. 

The  data  given  in  Table  V  are  based  partly  on  Barnard's 
many  measures  at  the  Lick  Observatory,  and  partly  on 
those  adopted  for  the  American  Ephemeris  and  Nautical 
Almanac. 


k 
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BODT 

r-f 

u™.*. 

(EAwni-l) 

Rotation 

^"SS^." 

Sun  .     . 

8(>4,302 

329.390 

1.40 

27.64 

25  d.  8  h, 

7' 15' 

Moon    . 

2.160 

0.0122 

3.34 

0.16 

27d.  7.7h. 

6°  41' 

Mercury 

.1.009 

0.045(  ?) 

4.48(?1 

0.3 1(?; 

? 

? 

Venus    . 

7.701 

0.807(?1 

4.85(7) 

0.85 

? 

7 

Eartli    . 

7,918 

1.0000 

5.53 

1.00 

23  h.  56  m. 

Mare     . 

4,339 

0.1065 

3.58 

0.36 

24  h.  37  m. 

23=59' 

Jupiter  . 

88.392 

314.50 

1.25 

2.52 

0  h.  55  m. 

3° 

Saturn  . 

74,163 

94.07 

0.63 

1.07 

10  h.  14  m. 

27° 

Uranus  . 

30.193 

14.40 

1.44 

0.99 

? 

7 

Neptune 

34,823 

ia72 

i.OQ 

0.83 

? 

7 

Some  mteresting  facts  are  revealed  by  this  table.  The 
first  four  planets  are  very  small  compared  to  the  outer  four, 
and  since  their  volumes  are  as  the  cubes  of  their  diameters, 


Bud  planets. 


the  latter  average  more  than  a  thousand  times  greater  in 
volume  than  the  former.  The  inner  planets  are  much  denser 
than  the  outer  ones  and,  so  far  as  known,  rotate  on  their 
axes  more  slowly. 

Figure  98  shows  an  are  of  the  sun's  circumference  and  the 
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eight  planets  to  the  same  scale.  It  is  apparent  from  this 
diagram  how  insignificant  the  earth  is  in  comparison  with 
the  larger  planets,  and  how  small  they  are  all  together  in 
comparison  witli  the  sun. 

169.  The  Times  for  Observing  the  Planets.  —  Mercury 
and  Venus  are  most  conveniently  situated  for  observation 
when  they  are  near  their  greatest  elongations,  for  then  they 
are  not  dimmed  by  the  more  brilliant  rays  of  the  sun.  When 
they  are  east  of  the  sun  they  can  be  seen  in  the  evening,  and 
_when  they  are  west  of  the  sun  they  are  observable  only  in 
the  morning.  Ordinarily  the  evening  is  more  convenient 
for  making  observations  than  the  morning,  and  therefore 
the  results  will  be  given  only  for  this  time. 

Those  planets  wh  eh  are  farther  from  the  sun  than  the 
earth  can  be  observed  best  when  they  are  in  opposition,  or 
180°  from  the  sun,  for  then  they  are  nearest  the  earth  and 
their  illuminated  siiies  are  toward  the  earth.  When  a  planet 
is  in  opposition  it  crosses  the  meridian  at  midnight,  and  it 
can  be  observed  late  in  the  evening  in  the  eastern  or  south- 
eastern sky. 

The  problem  arises  of  determining  at  what  times  Mer- 
cury and  Venus  are  at  greatest  eastern  elongation,  and  at 
what  times  the  other  planets  are  in  opposition.  If  the  time 
at  which  a  planet  has  its  greatest  eastern  elongation  is  once 
given,  the  dates  of  all  succeeding  eastern  elongations  can 
be  obtained  by  adding  to  the  original  one  multiples  of  its 
synodical  period.  If  S  represent*  the  synodical  period  of  an 
inferior  planrt,  P  its  sidereal  prriod,  and  E  the  earth's  perioti, 
the  synodical  period  is  given  by  (Arts.  120,  144) 

S      P     E' 
and  in  the  case  of  a  superior  planet  the  corresponding  formula 
for  the  synodical  period  is 


1       1 


1 


SEP 

On  the  basis  of  the  sidereal  periods  given  in  Table  IV,  these 
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BODT 

Mbah 

DiAinitu 

(E.":^.., 

^s;^n 

<B-l) 

ROTATItk 

Sun  .     . 

864.392 

329,390 

1.40 

27.64 

254.  Sw 

Moon    . 

2,160 

0.0122 

3.34 

0.16 

■27  d.  7.^ 

Mercury 

3,009 

0.045  (?) 

4.48(?; 

0.3 1(?; 

r^ 

7.701 

0.807  (?) 

4.8.5  (?; 

0.85 

T^ 

7.918 

1.0000 

5..^3 

1.00 

i,:im 

0.1065 

3.58 

0.36 

2411. 

Jupiter  . 

88.392 

314.50 

1.25 

2.,52 

9h, 

Saturn  , 

74,163 

94.07 

0.63 

1.07 

10  h.     ' 

UtanuB. 

30,193 

14.40 

1.44 

0.99 

2 

Neptune 

34.823 

16-73 

1.09 

a.ss 

-Jl 

Some  interesting  facts  are  revealed  by  thi  ' 
first  four  planets  are  very  small  compared  to 

and  since  their  volumes  are  as  the  cubes  of  1 


Fio.  08. —  liolntivc  liimencicns  of  sur 

the  latter  average  more  than  a  thousa 
volume  than  the  former.  The  inner  pla 
than  the  outer  ones  and,  so  far  as  kii' 
axes  more  slowly. 
Figure  98  shows  an  arc  of  the  aun's  i 
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supposed  that  they  might  be  aimply  the  fragments  of  an  J 
original  large  planet  which  had  been  torn  to  pieces  by  an  i 
explosion.     If  such  were  the  case,  the  different  parts  in  their   ' 
orbits  around  the  sun  would  all  pass  through  the  position 
occupied  by  the  planet  at  the  time  of  the  explosion  ;   there-  , 
fore,  for  some  time  the  search  for  new  planetoids  was  largely 
confined  to  the  regions  about  the  points  where  the  orbits 
of  Ceres  and   Pallas  intersect.     But  this  theory  of  their 


(EKerin)  tra,.  .„ 

c  Yerket  Obecnatmy. 

origin  has  been  completely  abandoned.  The  orbits  of  Eros 
and  two  other  planetoids  are  interior  to  the  orbit  of  Mars, 
while  many  are  within  75,000,000  miles  of  this  planet;  on 
the  other  hand,  many  others  are  nearly  300,000,000  miles 
farther  out,  and  the  aphelia  of  four  are  even  beyond  the  orbit 
of  Jupiter.  Their  orbits  vary  in  shape  from  almost  perfect 
circles  to  elongated  ellipses  whose  eccentricities  are  0.35  to 
0.40.  The  average  eccentricity  of  their  orbits  is  about  0.14, 
or  approximately  twice  that  of  the  orbits  of  the  planets. 
Their  inclinations  to  the  ecUptic  range  all  the  way  from  zero 
to  35",  with  an  average  of  about  9°. 
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The  orbits  of  the  planetoids  are  distributed  by  no  means 
uniformly  over  the  belt  which  they  occupy,  Kirkwood  long 
ago  called  attention  to  the  fact  that  the  planetoids  are  infre- 
quent, or  entirely  lacking,  at  the  distances  at  which  their 
periods  would  be  J,  L  §,  ■  ■  ■  of  Jupiter's  period.  The 
numerous  discoveries  since  the  application  of  photography 
have  still  further  emphasized  the  existence  of  these  remark- 
able gaps.  It  is  supposed  that  the  perturbations  by  Jupiter 
during  indefinite  ages  have  cleared  these  regions  of  the 
bodies  that  may  once  have  been  circulating  in  them,  but  the 
question  has  not  receivetl  rigorous  mathematical  treatment. 

The  diameters  of  Ceres,  Pallas,  Vesta,  and  Juno  were 
measured  by  Barnard  with  the  36-inch  telescope  of  the  Lick 
Observatory,  and  he  found  that  they  are  respectively  485, 
304,  243,  and  118  milos.  There  are  probably  a  few  more 
whose  diameters  exceed  100  miles,  but  the  great  majority 
are  undoubtedly  much  smaller.  Probably  the  diameters  of 
the  faintest  of  those  which  have  been  photographed  do  not 
exceed  5  miles. 

By  1898  the  known  planetoids  were  so  numerous  and  their 
orbita  caused  so  much  trouble,  because  of  their  large  per- 
turbations by  Jupiter,  that  astronomers  were  on  the  point 
of  neglecting  them,  when  Witt,  of  Berlin,  found  one  within 
the  orbit  of  Mars,  which  he  named  Eros.  At  once  great 
interest  was  aroused.  On  examining  photographs  which 
bad  been  taken  at  the  Harvard  College  Observatory  in 
1893,  1894,  and  1896,  the  image  of  Eros  was  found  several 
times,  and  from  the-se  positions  a  very  accurate  orbit  was 
computed  by  Chandler.  The  mean  distance  of  Eros  from 
the  sun  is  135,500,000  miles,  but  its  distance  varies  consid- 
erably because  its  orbit  has  the  high  eccentricity  of  0.22; 
its  inclination  to  the  echptic  is  about  11°.  At  its  nearest, 
Eros  is  about  13,500,000  miles  from  the  earth,  and  then  con- 
ditions are  particularly  favorable  tor  getting  the  scale  of  the 
Bolar  system  (Art.  156) :  and  at  its  aphelion  it  is  24,000,000 
miles  beyond  the  orbit  cf  Mars  (Fig,  96). 
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Not  only  is  Eros  remarkable  Iwcause  of  the  position  of 
its  orbit,  but  in  February  and  March  of  1901  it  varied  in 
brightness  both  extensively  and  rapidly.  The  period  was 
2  hr.  38  min.,  and  at  minimum  itH  light  was  less  than  one 
third  that  at  maximmn.  By  May  the  variability  ceased. 
Several  suggestions  were  made  for  explaining  this  remarkable 
phenomenon,  such  as  that  the  planetoid  is  very  different  in 
leQecting  power  on  different  parts,  or  that  it  is  really  com- 
posed of  two  bodies  very  near  together,  revolving  so  that  the 
plane  of  their  orbit  at  certain  times  passes  through  the 
earth,  but  the  cause  of  this  remarkable  variation  in  bright- 
ness is  as  yet  uncertain. 

161.  The  Question  of  Undiscovered  Planets.  —  The 
great  planets  Uranus  and  Neptune  have  been  discovered  in 
modern  times,  and  the  question  arises  if  there  may  not  be 
others  at  present  unknown.  Obviously  any  unknown  planets 
must  be  either  very  small,  or  very  near  the  sun,  or  beyond 
the  orbit  of  Neptune,  for  otherwise  they  already  would  have 
been  seen. 

The  perihelion  of  the  orbit  of  Mercury  moves  somewhat 
faster  than  it  would  if  this  planet  were  acted  on  only  by 
known  forces.  One  explanation  offered  for  this  peculiarity 
of  its  motion  is  that  it  may  be  disturbed  by  the  attraction  of 
a  planet  whose  orbit  lies  between  it  and  the  sun.  A  planet 
in  this  position  would  be  observed  only  with  difficulty  be- 
cause its  elongation  from  the  sun  would  alwaj's  be  small. 
Half  a  century  ago  there  was  considerable  belief  in  the 
existence  of  an  intra-Mercurian  planet,  and  several  times 
it  was  supposed  one  had  been  observed.  But  photographs 
have  been  taken  of  the  region  around  the  sun  at  all  recent 
total  eclipses,  and  in  no  case  has  any  object  within  the  orbit 
of  Mercury  been  found.  It  is  reasonably  certain  that  there 
is  no  object  in  this  region  more  than  20  miles  in  diameter. 

The  question  of  the  existence  of  trans-Neptunian  planets 
is  even  more  interesting  and  much  more  difficult  to  answer. 
'There  is  no  reason  to  suppose  that  Neptune  is  the  most  re- 
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f  coDtrol  of  the  sun  extends 
■d  iL  Thn*  are  two  lines  of  evidence, 
,  tbU  bMr  on  the  question.  If 
i»  *  fkart  af  wrafcwihh  bbss  be>-ond  the  orbit  of 
■w>«BiKtiM*n«lrte  presence  felt  by  itjs  pertur- 
»  «i  S^Mk.    Stan  X«ptuoe  w^  discovered  it  has 
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from  the  horizon  along  the  ecliptic  just  as  twilight  is  ending 
or  as  dawn  is  beginning.  Its  base  is  20°  or  30°  wide  and  it 
generally  can  be  followed  90°  from  the  sun,  and  sometimes 
it  can  be  seen  as  a  narrow,  very  faint  band  3°  or  4°  wide  en- 
tirely around  the  sky.  It  is  very  difficult  to  decide  precisely 
what  its  limits  are,  for  it  shades  very  gradually  from  an 
illumination  perhaps  a  little  brighter  than  the  Milky  Way 
into  the  dark  sky. 

The  best  time  to  observe  the  zodiacal  hght  is  when  the 
ecliptic  is  nearly  perpendicular  to  the  horizon,  for  then  it  is 
less  interfered  with  by  the  dense  lower  air.  In  the  spring 
the  sun  is  very  near  the  vernal  equinox.  At  this  time  of 
the  year  the  ecliptic  comes  up  after  sunset  from  the  western 
horizon  north  of  the  equator,  and  makes  a  large  angle  with 
the  horizon.  Consequently,  the  spring  -nonths  are  most 
favorable  for  observing  the  zodiacal  Ught  in  the  evening,  and 
for  analogous  reasons  the  autumn  months  are  most  favorable 
for  observing  it  in  the  morning.  It  cannot  be  seen  in  strong 
moonlight. 

The  gegenschein,  or  counterglow,  is  a  very  faint  patch  of 
hght  in  the  sky  on  the  ecliptic  exactly  opposite  to  the  sun. 
It  is  oval  in  shape,  from  10°to20''in  length  along  the  ecUptic, 
and  about  half  as  wide.  It  was  first  discovered  by  Brorsen 
in  1854,  and  later  it  was  found  independently  by  Backhouse 
and  Barnard.  It  is  so  excessively  faint  that  it  has  been 
observed  by  only  a  few  people. 

The  cause  of  the  gegenschein  is  not  certainly  known. 
It  has  been  suggested  that  it  is  a  sort  of  swelling  in  the 
zodiacal  band  which  appears  to  be  a  continuation  of  the 
zodiacal  light.  This  explanation  calLs  for  an  explanation  of 
the  zodiacal  Ught,  which,  of  course,  might  well  be  independ- 
ently asked  for.  The  zodiacal  light  is  almost  certainly  due 
to  the  reflection  of  light  from  a  great  number  of  small  parti- 
cles circulating  around  the  sun  in  the  plane  of  the  earth's 
orbit,  and  extending  a  little  beyond  the  orbit  of  the  earth. 
An  observer  at  0,  Fig.  100,  would  see  a  considerable  nuro- 
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toward  the  earth,  but  it  must  not  be  too  nearly  in  a,  line  with 
the  sun.  For  example,  a  planet  at  C,  Fig.  101,  has  its  il- 
luminated side  toward  the  earth,  but  it  is  invisible  because 
it  13  almost  exactly  in  the  same  direction  as  the  sim. 

The  variations  in  the  apparent  dimensions  of  Venus  are 
greater  than  those  of  Mercury  because,  when  Venus  is  near- 
est the  earth,  it  is  much  nearer  than  the  closest  approach  of 
Mercury,  and  when  it  is  farthest  from  the  earth,  it  is  much 
farther  than  the  most  remote  point  in  Mercury's  orbit. 
At  the  time  of  inferior  conjunction  the  distance  of  Venus  is 
25,700,000  miles,  while  that  of  Mercury  is  56,900,000  miles ; 
and  at  superior  conjunction  their  respective  distances  are 
160,100.000  and  128,900,000  miles.  These  numbers  are 
modified  somewhat  by  the  eccentricities  of  the  orbits  of 
these  three  bodies,  and  especially  by  the  large  eccentricity 
of  the  orbit  of  Mercury. 

Mercury  and  Venus  transit  across  the  sun's  disk  only 
when  they  pass  through  inferior  conjunction  with  the  sun 
near  one  of  the  nodes  of  their  orbits.  The  sun  is  near  the 
nodes  of  Mercury's  orbit  in  May  and  November,  and  con- 
sequently this  planet  transits  the  sun  only  if  it  is  in  infericr 
conjunction  at  one  of  these  times.  Since  there  is  no  simple 
relation  between  the  period  of  Mercury  and  that  of  the 
earth,  the  transits  of  Mercury  do  not  occur  very  frequently. 
A  transit  of  Mercury  is  followed  by  another  at  the  same  node 
of  its  orbit  aft«r  an  interval  of  7,  13,  or  46  years,  according 
to  circumstances,  for  these  periods  are  respectively  very 
nearly  22,  41,  and  145  synodical  revolutions  of  the  planet. 
Moreover,  there  may  be  transits  also  when  Mercury  is  near 
the  other  node  of  its  orbit.  The  next  transits  of  Mercury  will 
occur  on  May  7,  1924,  and  on  November  8,  1927.  Mercury 
is  so  small  that  its  transits  can  be  observed  only  with  a 
telescope. 

The  transits  of  Venus,  which  occur  in  June  and  December, 
are  even  more  infrequent  than  those  of  Mercury,  The 
transits  of  Venus  occur  in  cycles  whose  intervals  are,  starting 
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be  observed  if  it  were  surrounded  by  any  considerable  atmos- 
phere. Moreover,  Miiller  found  that  the  amount  of  light 
received  from  Mercury  at  its  various  phases  proves  that  it 
is  reflected  from  a  solid,  uneven  surface.  Therefore  there  b 
abundant  justification  for  the  conclusion  that  Mercury  has 
an  extremely  tenuous  atmosphere,  or  perhaps  none  at  all. 

The  evidence  regarding  the  atmosphere  of  Venus  is  just 
the  opposite  of  that  encountered  in  the  case  of  Mercury. 
Its  considerable  mass  and  surface  gravity,  approximating 
those  of  the  earth,  naturally  lead  to  the  conclusion  that  it 
can  retain  an  atmosphere  comparable  to  our  own.  But  the 
conclusions  do  not  rest  alone  upon  such  general  arguments ; 
for,  when  Venus  transits  the  sun,  its  disk  is  seen  to  be  sur- 
rounded by  an  illuminated  atmospheric  ring.  Besides  this, 
when  it  is  not  in  transit,  but  near  inferior  conjunction,  the 
illuminated  ring  of  its  atmosphere  is  sometimes  seen  to 
extend  considerably  beyond  the  horns  of  the  crescent.  Also, 
the  brilliancy  of  Venus  decreases  somewhat  from  the  center 
toward  the  margin  of  its  disk  where  the  absorption  of  light 
would  naturally  be  the  greatest.  Spectroscopic  observa- 
tions, which  are  as  yet  somewhat  doubtful,  point  to  the 
conclusion  that  the  atmosphere  of  Venus  contains  water 
vapor.  Taking  all  the  evidence  together,  we  are  justified  in 
the  conclusion  that  Venus  has  an  atmospheric  envelope 
corresponding  in  extent,  and  possibly  in  composition,  to  that 
of  the  earth. 

165.  The  Surface  Markings  and  Rotation  of  Mercury.  — 
The  first  astronomer  to  observe  systematically  and  continu- 
ously the  surface  markings  of  the  sun,  moon,  and  planets 
was  Schroter  (1745-1816).  He  was  an  astronomer  of  rare 
enthusiasm  and  great  patience,  but  seems  sometimes  to 
have  been  led  by  his  lively  imagination  to  erroneous 
conclusions. 

Schroter  concluded  from  observations  of  Mercury  made 
in  1800,  that  the  period  of  rotation  of  this  planet  is  24  hours 
and  4  minutes.     This  result  was  quite  generally  accepted 
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with  a  June  transit,  8, 105,5,8,  and  121.5  years.  Theli 
transits  of  Venus  occurred  on  December  8,  1874,  i 
December  6,  1882.  The  next  two  will  occur  on  > 
2004,  and  on  June  5,2012. 

The  chief  scientific  uses  of  the  transits  of  Mercul 
Venus  are  that  they  give  a  means  of  determining  tlM 
tions  of  these  planets,  they  make  it  possible  to  invel 
their  atmospheres,  and  they  were  formerly  used  intfi 
for  determining  the  scale  of  the  solar  system  (Art. 

164.  The  Albedoes  and  Atmospheres  of  Mercui 
Venus.  —  The  albedo  of  a  body  is  the  ratio  of  the  light^ 
it  reflects  to  that  which  it  receives.     The  amount  ( 
reflected  depends  to  a  considerable  extent  upon  whej 
not  the  body  is  surrounded  by  a  cloud-filled  atmosphi 
body  which  has  no  atmosphere  and  a  rough  and  1 
surface,  like  the  moon,  has  a  low  albedo,  while  one  f 
with  an  atmosphere,  especially  if  it  is  filled  with  ] 
condensed  water  vapor,  has  a  higher  reflecting  power.  1 
one  is  familiar  with  the  fact  that  the  thunderhe* 
often  appear  in  the  summer  sky  shine  as  white  i 
when  illuminated  fully  by  the  sun's  rays.     It  was  fa| 
Abbott  that  their  albedo  is  about  0.65.     If  an  observ 
see  the  earth  from  the  outside,  its  brightest  pai 
undoubtedly  be   those  portions  of  its   surface 
covered  either  by  clfiuds  or  by  snow. 

The  albedo  of  Mercury,  according  to  the  careful  f 
Miiller,  of  Potsdam,  is  about  0.07,  while  that  of  ^ 
0.60.     This  is  presumptive  evidence  that  the  atn 
of  Mercurj'  is  either  very  thin  or  entirely  absent,  i 
that  of  Venus  is  abundant. 

It  follows  from  the  kinetic  theory  of  gases  (Art.  1 
the  low  surface  gravity  of  Mercury  (Art.  158,  Tab!ej|| 
Mercury  probably  does  not  have  sufficient  gravitati 
trol  to  retain  a  very  extensive  atmospheric  envelop! 
inference  is  confirmed  by  the  fact  that,  when  ] 
transits  the  sun,  no  bright  ring  is  seen  around  it  such  ai 
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until  after  Schiaparelli  took  up  his  syatematic  observations 
of  the  planets,  at  Milan,  about  1880.  Schiaparelli  found 
that  Mercury  could  be  much  better  seen  in  the  daytime, 
when  it  was  near  the  meridian,  than  in  the  evening,  because 
the  illumination  of  the  sky  was  found  to  be  a  much  less 
serious  obstacle  than  the  absorption  aad  irregularities  of 
refraction  which  were  encountered  when  Mercury  was  near 
the  horizon.  His  experience  in  this  matter  has  been  con- 
firmed by  later  astronomers. 

Schiaparelli  came  to  the  conclusion,  from  elusive  and 
vague  markings  on  the  planet,  that  its  axis  is  essentially 
perpendicular  to  the  plane  of  its  orbit,  and  that  its  periods 
of  rotation  and  revolution  are  the  same.  These  results  are 
agreed  to  by  Lowell,  who  has  carefully  observed  the  planet 
with  an  excellent  24-inch  telescope  at  Flagstaff,  Ariz. 
Although  the  observations  are  very  difficult,  we  are  perhaps 
entitled  to  conclude  that  the  same  face  of  Mercury  is  always 
toward  the  sun. 

166.  The  Seasons  of  Mercury.  —  If  the  period  of  rota- 
tion of  Mercury  is  the  same  as  that  of  its  revolution,  its  sea- 
sons are  due  entirely  to  its  varying  distance  from  the  sun 
and  the  varying  rates  at  which  it  moves  in  its  orbit  in  har- 
mony with  the  law  of  areas.  The  eccentricity  of  the  orbit 
of  Mercury  ia  so  great  that  at  perihelion  its  distance  from  the 
Sim  is  only  two  thirds  of  that  at  aphelion.  Since  the  amount 
of  light  and  heat  the  planet  receives  varies  inversely  as 
the  square  of  its  distance  from  the  sun,  it  follows  that  the 
illumination  of  Mercury  at  aphelion  is  only  four  ninths  of 
that  at  perihelion.  It  is  obvious  that  this  factor  alone  would 
make  an  important  seasonal  change. 

Whatever  the  period  of  rotation  of  Mercury  may  be,  its 
rate  of  rotation  must  be  essentially  uniform.  Since  it 
moves  in  its  orbit  so  as  to  fulfill  the  law  of  areas,  its  motion 
of  revolution  is  sometimes  faster  and  sometimes  slower  than 
the  average.  The  result  of  this  is  that  not  exactly  the  same 
side  of  Mercury  is  always  toward  the  sun,  even  if  its  periods 
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to  that  of  its  orbit  is  53°.  These  results  were  generally!  c^ 
accepted  until  1880,  when  Schiaparelli  announced  that  Veniis,*^ 
like  Mercury,  always  has  the  same  face  toward  the  sun.      ^ 

The  observations  of  Schiaparelli  were  verified  by  himself  ^ 
in  1S95,  and  they  have  been  more  or  less  definitely  confirmed  _ 
by  Perrotin,  Tacchini,  Mascari,  Cerulli,  Lowell,  and  others,  ^ 
However,  it  must  be  remarked  that  the  atmosphere  interferes  _ 
with  seeing  the  surface  of  Venus  and  that  the  observations  ^ 
are  very  doubtful.  Moreover,  recent  direct  observations  j 
by  a  number  of  experienced  astronomers  point  to  a  period  of  d 
rotation  of  about  23  or  24  hours. 

The  spectroscope  can  also  be  applied  under  favorable 
conditions  to  determine  the  rate  at  which  a  body  rotates. 
In  1900  B^lopoisky  concluded  from  observations  of  this  sort 
that  the  period  of  rotation  of  Venus  is  short.  More  accurate 
ob8er\'ations  by  Slipher,  at  the  Lowell  Observatory,  show  no 
evidence  of  a  short  period  of  rotation.  The  preponderance 
of  evidence  seems  to  be  in  favor  of  the  long  period  of  rotation, 
but  the  conclusion  is  at  present  very  uncertain. 

168.  The  Seasons  of  Venus.  — The  character  of  the  sea- 
sons of  Venus  depends  very  much  upon  whether  the  planet's 
period  of  rotation  is  approximately  24  hours  or  is  equal 
to  its  period  of  revolution.  If  the  planet  rotates  in  the 
shorter  period  and  if  its  equator  is  somewhat  inclined  to 
the  plane  of  its  orbit,  the  seasons  must  be  quite  similar  to 
those  of  the  earth,  though  the  temperature  is  probably  some- 
what higher  because  the  planet  is  nearer  to  the  sun.  On  the 
other  hand,  if  the  same  face  of  Venus  is  always  toward  the 
sun,  the  conditions  must  be  more  like  those  on  Mercury, 
though  the  range  of  temperatures  cannot  be  so  extreme 
because  its  atmosphere  reduces  the  temperature  on  the  side 
toward  the  sun  and  raises  it  on  the  opposite  side  by  carrying 
heat  from  the  warmer  side  to  the  cooler. 

Suppose  the  periods  of  rotation  and  revolution  of  Venus  are 
equal.  Since  the  orbit  of  Venus  is  very  nearly  circular,  it  is 
subject  to  only  a  small  libration  and  only  a  very  narrow  zone 


around  it  has  alternately  day  and  night.  The  position  of 
the  sun  in  ite  sky  is  nearly  fixed  and  the  climate  at  every 
place  on  its  surface  is  remarkably  uniform.  There  must  be  a 
s>'stem  of  atmospheric  currents  of  a  regularity  not  known  on 
the  earth,  and  it  ha^  been  suggested  that  all  the  water  on 
the  planet  was  long  ago  carried  to  the  dark  side  in  clouds  und 
precipitated  there  as  snow.  This  conclusion  is  not  neces- 
sarily true,  for  it  seems  Ukcly  that  the  air  would  ascend  on 
the  heated  side  and  lose  its  moisture  by  precipitation  before 
the  high  currents  wliich  would  go  to  the  dark  side  had  pro- 
ceeded far  on  their  way. 

Considered  as  a  whole,  Venus  is  more  like  the  earth  than 
any  other  planet ;  and,  so  far  as  can  be  determined,  it  is  in 
a  condition  in  which  life  can  flourish.  In  fact,  if  any  other 
planet  than  the  earth  is  inhabited,  that  one  is  probably 
Venus.  It  must  be  added,  however,  that  there  is  no  direct 
evidence  whatever  to  support  the  supposition  that  ther^ 
is  life  upon  its  surface. 

II.   Marb 

169.  The  Satellites  of  Mars.  —  In  August,  1877,  Asaph 
Hall,  at  WashiMgtoii,  discovered  two  very  small  satellites 
revo King  eastward  around  Mars,  sensibly  in  the  plane  of  its 
equator.  They  are  so  minute  and  so  near  the  bright  planet 
that  they  can  be  seen  only  with  a  large  telescope,  and  usually 
it  is  advantageous,  when  observing  them,  to  obscure  Mars 
by  a  amall  screen  placed  in  the  focal  plane.  These  satcllitea 
are  called  Phobos  and  Deimos.  The  only  way  of  determin- 
ing their  dimensions  is  from  the  amount  of  light  they  reflect 
to  the  earth.  Though  Phobos  is  con.siderably  brighter 
than  Deimos,  its  diameter  probably  does  not  exceefl  10  miles. 

Not  only  are  the  satellites  of  Mars  very  small,  but  in  other 
respects  they  present  only  a  rough  analogy  to  the  moon 
revolving  around  the  earth.  The  distance  of  Phobos  from 
the  center  of  Mars  is  only  SS.'SO  miles,  while  that  of  Deimos 
is  14,650  miles.     That  is,  Phobos  is  only  3680  miios  from  the 
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surface  of  the  planet.  The  curvature  of  the  planet'a  surface 
is  such  that  Phobos  could  not  be  seen  by  an  observer  from 
latitudes  greater  than  68"  15'  north  or  south  of  the  planet's 
equator.  The  relative  dimensions  of  Mara  and  the  orbits 
of  its  satellites  are  shown  in  Fig.  102. 

As  was  seen  in  Art.  154,  the  period  of  a  satellite  depends 

upon  thp  ma.sa  of  the  planet  around  which  it  revolves  and 

upon   its   distance  from 

_«?r.r»'?M^^  the  planet's  center.   Not- 

,.''  '*.,  withstanding   the   small 

mass  of  Mars,  its  satel- 

,'  e'^*''*>h_  '"'        '**■"'*   "''^   ^    '^'*'^''   ^^'^^ 

,-''      ""-,  \      their  periods  of  revolu- 

©'.     tion  are  very  short,  the 
;  I     period  of  Phobos  being 

;      7  hrs.   39  m.   and   that 
'■■ — -•'  /      of  Deimos  being  30  hrs. 

18  m.      Since  Mars  ro- 
.•'  tales  on  its  axis  in  24  hrs. 

'"..^  ..''  and  37  m.,  Phobos  makes 

more  than  3  revolutions 

Flu.    lOa.  —  Mars  and   Ihe  qrbita   ci(  its  ,  .,        , ,  .  ,  . 

saU'iiites,  while    Mars    is    making 

one  rotation.  It  there- 
fore rises  in  the  west,  passes  eastward  across  the  sky,  and 
seta  in  tlie  east.  Here  is  an  example  in  which  the  direction 
of  apparent  motion  and  actual  motion  are  the  same.  The 
period  of  Phobos  from  meridian  to  merifUan  is  1 1  hrs.  and 
7  m.  On  the  other  hand,  Deimos  rises  in  the  east  and  sets 
in  the  west  with  a  period  from  meridian  to  meridian  of 
131  hrs.  and  14  m. 

170.  The  Rotation  of  Mars.  —  In  1666  Hooke,  an  English 
obser\-er,  and  Cassini,  at  Paris,  saw  dark  streaks  on  the 
ruddy  disk  of  Mars,  and  these  features  of  the  planet's  sur- 
face are  so  definite  and  permanent  that  even  to-day  astrono- 
mers can  recognize  the  objects  which  these  men  observed 
and  drew.     Some  of  them  are  shown  in  Fig.  103,  which  is  a 
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Beriea  of  9  photographs,  taken  one  after  the  other  at  short 
intervab,  by  Barnard,  at  the  Yerkes  Observatory.  By 
comparing  observations  at  one  time  with  those  made  at  a 
later  date  the  period  of  rotation  of  the  planet  can  be  found. 
In  fact,  consideraliie  rotation  is  observable  in  the  short 
interval  covered  by  the  photographs  in  Fig.   103.     Hookt^ 


Man.    nofotrrajAfd  bti  Bamaid  irith  the  iO-wcA  tde»»ti«  m 

Ihc  r,-r*-rs  Ohserratoru.  Sip<-  af^.  1909.  ^ 


and  Cassini  soon  discovered  that  Mars  turns  on  ite  axis  in 
a  period  of  a  little  more  than  24  hrs.  By  comparing  their 
observations  with  thone  of  the  present  day  it  is  found  that 
its  period  of  rotation  is  24  hrs.  37  m.  22.7  sees.  The 
high  order  of  accuracy  of  this  result  is  a  consequence  of  the 
fact  that  the  importance  of  the  errors  of  the  observations 
diminishes  as  the  time  over  which  they  extend  increases. 

The  inclination  of  th?  plane  of  the  equator  of  Mars  to 
the  plane  of  its  orbit  is  between  23°  and  24°.  The  inclina- 
tion cannot  be  determined  as  accurately  as  the  period  of 
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rotation  because  the  only  advantage 
observations  consists  in  their  number, 
uncertainty,  the  obliquity  of  tlie  eclii 
equator  is  certainly  approximately 
earth,  and,  consequently,  the  seasoni 
tatively  much  like  those  of  the 
difference  is  that  the  period  of  Mars 
and,  therefore,  while  its  day  is  only  a 
of  the  earth,  its  year  is  nearly  twice  as 
to  imply  by  these  statements  that  tin 
similar  to  that  of  the  earth,  Its  dial 
so  much  greater  that  the  amount  of  lighl 
per  unit  area  is  only  about  0.43  of  tl 
receives. 

171.   The  Albedo  and  Atmosphere 
to  the  observations  of  Miiller,  the  albc 
which  indicat-es  probably  a  thin  atmospli 

The  surface  gravity  of  Mars  is  only  0,; 
and,  consequently,  it  would  be  expected 
kinetic  theory  of  gases  that  it  might  retai 
though  not  a  very  extensive  one.     Dii 
the  planet  confirm  this  conclusion, 
surface  can  nearly  always  be  seen  withoir 
ferenee  from  atmospheric  phenomena. 
seen  from  a  distant  planet,  such  as  Venn 
the  clouds  now  and  then  entirely  shut  u 
view,  but  the  reflection  and  absorption  . 
where  there  were  no  clouds  would  probal- 
sible  to  see  distinctly  anything  on  its  sui 

The  fact  that  Mars  has  a  rare  atmospl. 
by  the  suddennes.s  with  which  it  cuts  . 
stars  when  it  passes  between  them  and 
planets  which  have  extensive  atmosphert.-. 
extinguish  the  light  from  the  stars  more  ■ 
atmosphere  of  Mars,  relatively  to  its  msstt 
density  as  that  of  the  earth,  it  would  be  rn 
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jrul  the  south  pole  of  M;irs  has  been 
iiwi  than  the  one  at  the  north  pole 
■  is  turned  toward  the  earth  when  Mars 
(he  perihehon  point  of  its  orbit.  The 
'I'it  of  this  planet  is  so  great  that  its 
;  t  of  the  earth  when  it  is  at  its  perihehon 
lii^Uon  of  the  earth's  orbit)  is  more  than 
'han  when  it  is  at  its  aphehon.  How- 
nimense  time  the  mutual  perturbations 
iiange  the  orbit  of  Mars  that  its  north- 
>e  more  favorably  situated  for  observa- 
ihan  iti  southern. 

(  Mars  are  due  to  snow,  there  must  be 
itmospbere.  The  spectroscope  is  an 
ider  suitable  condition.^  enables  the 
Jne  the  constitution  of  the  atmosphere 
■>m  which  he  receives  light.  Mars  is 
he  purpose  becaase,  in  the  first  place, 
rn  it  is  only  reflected  sunhght  which 
iiore  or  less  of  its  shallow  and  tenuous 
I  the  second  place,  the  atmosphere  of 
line  usually  a  large  amount  of  water 
y  to  make  sure  that  the  absorption 
-25)  may  not  be  due  altogether  to  the 
rth's  atmosphere. 

•^copic  investigations  of  Huggins  and 
I  the  existence  of  water  on  Mars;  the 
lid  Campbell,  with  much  more  powerful 
"r  better  atmospheric  conditions,  gave 
■  '\xb  the  spectograms  obtained  by  Slipher 
-vatory,  under  exceptionally  favorable 
'aatic  conditions,  again  indicate  water 
f  the  difficulties  of  the  problem,  a  nega- 
rcely  be  regarded  as  being  conclusive 
ire  absence  of  water  on  Mars, 
I  mount  of  water  vapor  in  its  atmosphere 


;  conclusive  i 

klars,  while  J 

atmosphere         ] 
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diminishes  in  size,  contracting  first  around  the  edges;  it 
then  breaks  up  more  or  less,  and  it  sometimes  entirely  dis- 
appears in  the  late  summer. 

After  the  southern  polar  cap  has  shrunk  to  the  dimensions 
^ven  by  Barnard's  observation  of  August  13,  1894,  Fig. 
105,  an  elongated  white 
patch  is  found  to  be  left 
behind  the  retreating  white 
sheet.  Thesame  thingwas 
observed  in  the  same  place 
at  the  corresponding  Mar- 
tian season  in  1892,  and  abo 
at  later  oppositions.  This 
means  that  the  phenome- 
non is  not  an  accident,  but 
that  it  depends  upon  the 
nature  of  the  surface  of 
Mars,  Barnard  has  sug- 
gested that  there  may  be 
an  elevated  region  in  the 
place  on  which  the  spot  is 
observed  where  the  anow 
or  frost  remains  until  after 
it  has  entirely  disappeared 
in  the  valleys.  At  any  rate, 
this  phenomenon  strongly 
points  to  the  conclusion 
that  there  are  considerable 
irregularities  in  the  surface 
of  Mars,  though  on  the  j 
whole  it  is  probably  much  ^ 
smoother  than  the  earth.  ^ 
uf  Murr,  lUiiniard) ""  ""'  "^^'^  ^^  ^^  important  point  J 
which  must  be  borne  in  ^ 
mind  in  interpreting  other  things  observed  upon  the  surfM 
of  the  planet. 


:  Burfao^^ 


T,n.  I". 
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is  not  unreasonable  iii't 

-M  snow  evapo- 

nomena  of  its  polar  v.^ 

_^    On  the  other 

The  distance  of  M> 

.srsMcf  of  water 

receives  only  about  i'  : 

.,-tt  its  tempera- 

area  as  is  rec«v«i  hv 

tr  It  the  freeaug 

how  its  polar  cap-'  i 

the  poles  of  thi'  ■  ■ 

:  the  water  vapor 

snow.     The  resp^M  ■ 

:  a  and  evapora- 

many  of  them  iti"  ■■ 

^i  if  it  is  scarce, 

on  which  a  comii 

.^.iB-  the  freezing 

In  the  first  pi. 

processes   begin 

what  the  aver.i»;c 
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temperature  W" 
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the  possibility  of  determining  the  water  content  of  it# 
atmosphere  by  means  of  the  spectroscope.  There  is  an 
additional  tiae  of  evidence  which  bears  on  the  question  in 
hand.  The  surface  of  the  planet  is  largely  of  a  brick-red 
color,  and  is  interpreted  as  being  in  a  desert  condition.  While 
there  are  dark  regions  which  have  been  supposed  possibly  to 
be  marshes,  there  are  certainly  no  large  bodies  of  water  on 
its  surface  comparable  to  the  oceans  and  seas  upon  the 
earth.  These  things  confirm  the  conclusion  that  water  is 
not  abundant  on  Mars  and  that  its  mean  temperature  may 
be  below  zero ;  but,  in  the  equatorial  regions  in  the  long  sum- 
mers, the  tcmpcTature  may  rise  for  a  considerable  time  even 
above  the  freezing  point. 

173.  The  Canals  of  Mars.  —  In  1S77,  Sehiaparelli,  an 
Itahan  observer  of  Milan,  made  the  first  of  a  series  of  impor- 
tant discoveries  respecting  the  surface  markings  of  Mars. 
Although  he  had  only  a  modest  telescope  of  8.75  inches'  aper- 
ture, he  found  that  the  brick-red  re©ons,  which  had  been 
supposed  to  be  continental  areas,  were  crossed  and  recrossed 
by  many  straight,  dark,  greenish  streaks  which  always 
ended  in  the  darker  regions  known  as  "  seas."  These  streaks 
were  of  great  length,  extending  in  uniform  width  from  a  few 
hundred  miles  up  to  three  or  four  thousand  miles.  While 
they  appeared  to  be  very  narrow,  they  must  have  been  at 
least  20  miles  across.  Sehiaparelli  called  them  "  canali  " 
(channels),  which  was  translated  as  "  canals,"  a  designation 
unfortunately  too  suggestive,  for  they  have  no  analogy  to 
anything  on  the  earth.  When  a  number  of  them  intersect, 
there  is  generally  a  dark  spot  at  the  point  of  intersection 
which  is  called  a  "  lake."  Sometimes  a  number  of  them 
intersect  at  a  single  point;  and,  according  to  Lowell,  the 
junctions  of  canals  are  always  surrounded  by  lakes,  while 
lakes  are  found  at  no  other  places. 

In  the  winter  of  1881-82  Mars  was  again  in  opposition, 
though  not  BO  near  the  earth  as  in  1877.  SchiaparelU  not 
only  verified  his  earlier  observations,  but  he  also  found  the 
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Je  water  vapor  in  the  air  surrounding  it,  the  snow  evapo 
*8  into  water  vapor  without  first  melting.  On  the  other 
nd,  if  the  atmosphere  contains  an  abundance  of  water 
per,  the  snow  does  not  evaporate  until  after  its  tempera- 
■e  has  risen  above  the  freezing  point.  But  at  the  freezing 
int  the  snow  turns  into  water. 

The  gist  of  the  whole  matter  is  this :  If  the  water  vapor 
the  atmosphere  is  abundant,  precipitation  and  evapom- 
n  take  place  above  the  freezing  point ;  and  if  it  is  scarce, 
Kipitation  and  evaporation  take  place  below  the  freezing 
int.  The  temperature  at  which  these  processes  begin 
pends  only  on  the  density  of  water  vapor  present  and  not 
all  upon  the  coastitution  and  density  of  the  remainder  of 

3  atmosphere.  For  example,  snow  evaporates  (or  sub- 
les)  at  —35°  Fahrenheit  when  the  density  of  the  water 
por  surrounding  it  is  such  that  its  pressure  is  L 
KX)18  of  ordinary  atmospheric  pressure ;  or,  if  this  is  the 
.ter-vapor  pressure  and  the  temperature  falls  below  —35°, 
3W  is  precipitated.  Similarly,  water  evaporates  at 
Jirenheit  if  the  pressure  of  the  water  above  it  is  less  than 
)34  of  atmospheric  pressure ;  or,  with  this  pressure  of 
iter  vapor,  precipitation  occurs  if  the  temperature  falls 
low  80".  This  explains  why  the  earth's  atmosphere  on 
e  whole  is  much  dryer  in  the  winter  than  it  is  in  the  summer. 
The  application  to  Mars  is  simple.  Suppose  its  polar 
ps  are  actually  due  to  snow  or  hoar  frost,  as  they  appear 

be.  The  fact  that  they  nearly  or  entirely  disappear  in 
e  long  summers  means  only  that  the  atmosphere  is  dry 
ough  for  evaporation  to  take  place  at  the  temperature 
lich  prevails  on  the  planet.  If  the  temperature  of  Mars 
;re  known,  the  amount  of  water  vapor  in  its  atmosphere 
uld  be  computed  from  the  phenomena  of  the  polar  caps ;  and 
nversely,  if  the  amount  of  water  vapor  in  the  atmosphere 

Mars  were  known,  its  temperature  could  be  computed. 
Some  direct  considerations  on  the  possible  temperatur 

Mara  have  been  given,  and  reference  has  been  made 
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remarkable  fact  that  a  number  of  the  canals  had 
that  is,  that,  in  a  number  of  cases,  two  canals  ra 
to  each  other  at  a  distance  of  from  200  to  400  miles, 
on  Lowell's  map  in  Fig.  106,  which  is  a  pbotog 
globe  on  which  he  had  drawn  all  the  markjnj 
observed.     The  doubling  was  found  to  depend  upo 


sons  and  to  develop  with  great  I 
at  the  Martian  equinox. 

The  history  of  the  obeervatii 
since  the  time  of  SchiaparelU  ii 
able   contradictions.     The   < 
Italian  have  been  confirmed  \ 
mers,  among  whom  may  be  i 
of  Nice,  Wilhams,  of  E 
and  especially  Lowell, 
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III.  Jupiter 


liter's  Satellite  System.  ^ — The  first  objects  dis- 

I  Ciuliico  when  he  pointed  his  little  telescope  to 

1   llilO  were  the  four  brightest  moons  of  Jupiter. 

.iirnly  beyond  the  limits  of  visibility  without  optical 

..iwd,  could  be  seen  with  the  unaided  eye  if  they 

1  'scured  by  the  dazzling  rays  of  Jupiter.     No  other 

Jupiter  was  discovered  until  1892,  when  Barnard, 

]i'  Lick  Observatory,  caught  a  glimpse  of  a  fifth 

;lose  to  the  planet.     It  is  bo  small  and  so  buried 

fays  of  the  neighboring  brilliant  planet  that  it  can 

I  only  by  experienced  observers  with  the  aid  of  the 

Werful  telescopes  in  the  world. 

fin  1905  Perrine  found  by  photography  that  Jupiter 

]  two  more  satellites  which  are  more  remote  from  the 

f  than  those  previously  known.     Their  distances  from 

t  are  both  about  7,000,000  miles  and  their  periods  of 

btion  are  about  0.75  of  a  year.    The  eccentricities  of 

■^orbits  are  considerable  and  their  paths  actually  loop 

one    another.     The   mutual   inclination    of   their 

1  is  28°  and   they  do  not  pass  nearer  than  2,000,000 

e  of  each  other. 

I  satellites  so  far  enumerated  revolve  aroimd 
■Jupiter  from  west  to  east,  but  two  more  have  been  di&- 
'  covered  whose  motion  is  in  the  opposite  direction.  The 
eighth  was  found  by  Melottc,  at  Greenwich,  England,  in 
January,  1908.  It  revolves  around  Jupiter  at  a  mean 
distance  of  approximately  14,000,000  miles  in  a  period 
of  about  740  days.  Its  orbit  is  inclined  to  Jupiter's  equa- 
tor by  about  28".  The  ninth  was  discovered  by  S.  B. 
Nicholson,  in  July,  1914,  at  the  Lick  Observatory.  Its 
mean  distance  from  Jupiter  is  about  15,400,000  miles  and  its 
period  is  nearly  3  years,  These  remote  satellites  are  very 
Email  and  faint,  the  ninth  being  of  the  nineteenth  magni- 
tude, and  the  eighth  about  one  magnitude  brighter. 
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is  less  than  od  the  earth,  the  light  and  heat  reel 
the  sun  are  less  and  the  temperature  is  probabljl 
the  atmosphere  is  much  less  abundant,  and  it  ml 
different  in  constitution,  and  the  seasonal  (d 
nearly  twice  as  long.  The  plants  and  animalfl 
habit  the  earth  are  more  or  leas  perfectly  ada 
conditions  existing  on  its  surface,  and  the  coD( 
not  been  made  to  fit  them,  as  was  once  general 
Similarly,  life  on  other  planets  must  be  adf^ 
environment  in  which  it  is  placed  or  it  would  stu 

Further,  if  Mars  or  any  other  world  is  inhabU 
no  reason  to  suppose  that  its  highest  intelligence' 
the  precise  stage  attained  by  the  human  race.< 
intelligent  creatures  on  another  planet  may  be  il 
tion  corresponding  to  that  in  which  our  anceston 
they  lived  in  caves  and  ate  uncooked  food ;  orj 
years  ago  they  may  have  passed  through  the  sti 
and  deadly  competition  in  which  the  human  roi 

It  is  a  curious  fact  that  those  who  know  huU 
astronomy  are  nearly  always  very  much  inten 
question  whether  other  worlds  are  inhabited,  wl 
astronomers  who  devote  their  whole  lives  to , 
scarcely  give  the  question  of  the  habitability  of  q 
a  thought.     Astronomers  are  doubtless  infiut 
knowledge  that  such  speculations  can  scarcely 
tainty,  and  they  are  deeply  impressed  by  the 
laws  which  they  find  operating  in  the 
there  seems  to  be  no  good  reason  why 
and  then  consider  the  question  of  the  existeni 
only  on  the  other  planets  of  the  solar  system,  hi 
millions  of  planets  that  possibly  circulate  ai 
Such  speculations  help  to  enlarge  our  mem 
to  give  us  a  better  perspective  in  contemplal 
and  destiny  of  the  human  race,  but  we  shoi 
that  they  are  speculations. 


290       AN    INTRODUCTION   TO  ASTRONOMY    Ich.  ij 

The  first  four  satellites  discovered  are  numbered  I,  11^ 
III,  IV  in  the  order  of  their  distance  from  Jupiter, 
fifth,  although  it  is  very  close  to  Jupiter,  was  given  the^^ 
number  V.  The  orbits  of  these  five  satellites,  shown  in 
Fig.  109,  are  nearly  circular  and  lie  in  the  plane  of  Jupiter's 
equator.  The  four  larger  satellites  are  of  considerable 
dimensions  and  their  diameters  have  been  determined  by 
Barnard,  the  results  being  given  in  the  following  table: 


Table  VII 


Satiluti 

^D«T*NC=j™«^ 

.i;T<:;;r.% 

I,,...™ 

V  (Unnamed) . 

112..TO0mi. 

Od.  llh.  .Wm. 

about    100  mi. 

I  do)     .     .     . 

261.000  mi. 

Id.  18h.  28m. 

2452  mi. 

11  (Buropa)      . 

415.000  mi. 

3d.  !31i.  14m. 

2045  mi. 

in  (Ganymede) 

664.000  mi. 

7d.    31i.  43m. 

3r.58mi 

IV  (Callisto)     . 

1.167.000  mi. 

16d.  IBh.  32m. 

3345  mi. 

VI  (Unnamed) . 

7,300.000  mi. 

about  206  days 

small 

VII  (Unnamed) . 

7.500,000  mi. 

about  277  days 

small 

VIII  (Unnamed) . 

14,000.000  ±  mi 

about  740  days 

very  small 

IX  (Unnamed) . 

15,400,000  ±  mi 

nearly  3  years 

very  small 

176,   Markings  on  Jupiter's  Satellites.  —  The  great  dis- 
tance of  Jupiter  mukes  it  difiiriilt  to  <letect  niiy  but  lai 
and  distinctly  colored  markings  on  its  satellites.     In  lS90Ji 
Barnard  found  satellite  I  to  be  ^elongated  parallel  to  the 
equator  of  Jupiter  when  transiting  its  darker  portions  and' 
elongated,  or  double,  in  the  opposite  direction  when  paf 
over  its  brighter  parts.     He  interpreted  this  as  meaning  t 
the  poles  of  the  satellite  are  dark  and  that  the  equate 
belt  is  light  colored.     The  accompanying  drawing,  Fig.  1^ 
showing  the  satellite  transiting  a  light  region  above  and! 
dark  one  below,  exhibits  the  observed  appearance  at  ta 
left  and  the  probable  actual  condition  at  the  right,     Wltt» 
held  at  some  distance  from  the  eye,  the  two  appear  tii|. 


1 

\ 


••        • 


I  »'; 


Ziscovvry  r,f  -., 


/•/ 


^K              1^^^^^^^^^* 

3^H 
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be  behind  their  predicted  tni'. 
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vations,  in  1675,  the  Danish  .- 

*■">  vary  con 

it  takes  light  600  seconds  ( ■  ■ 

-Jie  drawiog^ 
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•    by    Hougl 

that  the  correct  time  is  4Ws 

^^*              -  '>te  whole 

m                    ^^ 

^H 

■                    ^ 

P^^H 

■                   ^^1 

^^^^_ — ~  --i^pimoua 
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^^^^    ur     nortliera 

\'^^\    fl 

^VT»Md    telescope 

■  7     5«      f — ^H 

^Htf»  fannble    at- 

IV          /      ^H 

^^BaaiKr  coaditioDs 

V       J      ^H 

^■■■^  a  the   belts 

V y     ^H 

^^■■V  dM>&    which 

Fio.  111.  — DiMOveryof  v^lomy^^^H 

^^k«H4f  ebange  as 

'^^H 

^V^^  «tat  we  see 

from  the  earth  to         ^       "^^H 

^V           Jifce  in  struc- 
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■art.itfoUows 

interval,  which  is  r'l! 

-li  the  almost 

At  the  present  IJm. 

r  parts,   to  a 

mined  much  moir  :l. 

-  »  very  low 

the  surface  of  liic  <-■■■' 

,  .  r;u-h  18  visible 

Jupiter's  satelUti's, 

Newcomb  shows  lli;i' 

■  V  -Jithenorth- 

per  second.     Frnin 

•■;  tiiially  van- 

498.58  seconds,  ilu 

—  far  known 

178.   The  RotatLo 
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^^HBbb  long  parallel  to  the  equator,     In  a  year  it  had 
^^^■h)  a  bright  red  color  and  was  by  far  the  most  con 
^^H^bject  on  the  planet.     It  has  since  then  been  knowr 
^^^Urc^t  red  spot,"  but  it  has  undergone  many  changes 
^^Kcolor  and  brightness.     At  the  present  time  it  hat 
^^H  rather  inconspicuous,  and  the  material  of  which  it  i 

n 

Fio.    1 13.  —  PhotoRTaplia  of  Jiipitor  (E,  C,  Sliphcr,  Lowell  Obsotvatory). 

omposed  seems  to  be  sinking  back  beneath  the  vapors  whic 
urround  the  planet. 

A  very  remarkable  thing  in  connection  with  the  red  spo 
vas  that  its  period  of  rotation  increased  7  seconds  the  firs 
ight  years  following  its  discoverj',  but  it  has  remained  essen 
ially  conKtant  since  that  time.     Possibly  the  increase  ii 
jeriod  of  rotation  of  the  red  spot,  which  was  somewha 
onger  than  that  of  the  surrounding  material  which  continu 
lly  flowed  by  it,  was  due  to  its  being  elevated  so  that  iti 
istance  from  the  axis  of  rotation  of  the  planet  was  increasec 
Jnder  these  conditions  the  rate  of  rotation  would  be  reducec 

M 
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.  38,23S  miles 

Center  oF  Saturu  to  inner  edge  of  crape  ring 

.  44,100  miles 

Center  of  Saturn  to  inner  edge  of  bright  ring 

.  55.000  miles 

Cenldr  of  Saturn  to  outer  edge  of  bright  ring 

.  73.000  miles 

Center  of  Saturn  to  inner  edge  of  outer  ring 

.  75.240  mUea 

Center  of  Saturn  to  outer  edge  of  ou(«r  ring 

.  80,300  miles 

The  distance  from  the  surface  of  Saturn  to  the  inner  edge 
of  the  thin,  faint  ring,  known  as  "  the  crape  ring,"  is  nearly 
6000  miles.  The  width  of  the  crape  ring  is  about  11,000 
miles.  Outside  of  the  crape  ring  is  the  main  bright  ring, 
whose  width  is  about  18,000  miles.     Its  brightness  increases 


Fio.  116. 


braa  its  junction  with  the  crape  ring  outward  nearly  to  its 
outer  mar^n.  At  its  brightest  place  it  is  as  luminous  as  the 
planet  itself.  Beyond  the  main  bright  ring  there  is  a  dark 
gap  about  2200  miles  across.  It  is  known  as  "  Cassini'a 
Division  "  because  it  v/iis  first  c"  "'v  Casaini.     Outside 

of  tlus  dark  space  is  the  oute  ?  with  a  width  of 


about   11,000  miles.     The  distance  across  the  whole  ring 
system  from  one  side  to  the  other  is  about  172,600  miles. 

The  rings  of  Saturn  are  inclined  about  27°  to  the  plane  of 
the  planet's  orbit  and  about  28°  to  the  plane  of  the  echptic. 
Consequently,  they  are  observed  from  the  earth  at  a  great 
variety  of  angles.  When  their  iucUnation  is  high,  Saturn 
and  its  ring  system  present  through  a  good  telescope  one  of 
the  finest  wights  in  the  heavens,  ,is  is  evident  from   Figs. 


116  and  117.  When  their  plane  passes  through  the  earth, 
they  appear  to  be  a  verj'  thin  line  and  even  entirely  disap- 
pear from  view  for  a  few  hours,  as  Barnard  found  when 
observing  them  with  the  great  40-inch  telescope  in  1907. 
It  follows  that  the  rings  must  be  very  thin,  their  thickness 
probably  not  exceeding  50  miles.  When  the  rings  were  nearly 
edgewise  to  the  earth,  Barnard  could  see  them  faintly ;  but 
the  places  which  are  entirely  vacant  when  they  are  highly 
inclined  to  the  earth,  were  found  to  be  brighter  than  the  places 
where  the  rings  are  really  brilhant  (Fig.   118).     Barnard 
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made  the  suggestion  that  this  appearance  is  it'i 
that  light  shining  from  the  sun  through  llit  op' ' 
reflected  back  from  the  interior  edges  of  llif  il-  " 
the  rings. 

183.  The  Constitution  of  Saturn's  Ring. 
rings  of  Saturn  have  the  same  appi-arurn  ■■ 
continuity  as  the  planet  itself.     It  Hit.>i  i:,'        '^ 
until  atxjut  a  century  ago  that  they  wm   ■  >        ** 
since  1715,  when  J.  Cossini  first  menli'rii.      ■■■^ 
it  has  frequently  been  suggested  that  1 1ll' - 
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the  axis  of  Jupiter  is  almost  exactly  perpendicular  to  the 
plane  of  its  orbit. 

186.  The  Physical  Coaditton  and  Seasonal  Changes  of 
Saturn.  —  The  density  of  Saturn  is  about  0.63  on  the  water 
standard.  Consequently,  it  must  be  largely  in  a  gaseouB 
condition.  Probably  no  considerable  portion  of  it  is  purely 
gaseous,  for  it  seems  more  likely,  in  view  of  the  fact  that  it 
is  opaque,  that  the  gases  of  which  it  is  compo-sed  are  filled 
with  minute  liquid  paiticles,  just  as  our  own  atmosphere 
becomes  chargcvl  with  globules  of  water,  forming  clouds. 

The  remarkable  relative  motions  of  the  different  parts  of 
the  surface  of  Saturn  show  that  it  is  at  least  in  a  fluid  state 
and  that  it  is  a  place  of  the  wildest  tunnoil.  Doubtless  it  is 
a  world  whose  evolution  has  not  yet  sufficiently  advanced  to 
give  it  any  permanent  markings,  much  less  to  fit  it  as  a  place 
in  any  way  suitable  for  the  abode  of  even  the  lowest  forms  of 
Ufe. 

The  high  inclination  of  the  plane  of  Saturn's  equator  to 
that  of  its  orbit  gives  it  marked  seasonal  changes.  More- 
over, its  orbit  is  rather  more  eccentric  than  the  orbits  of 
the  other  large  planets.  But  it  is  so  far  from  the  sun  that 
it  receives  only  ^  as  much  light  and  heat  per  unit  area  as 
the  earth  receives ;  and  it  follows  that  its  surface  is  very  cold 
unless  it  has  an  atmosphere  of  remarkable  properties,  or  unless 
a  large  amount  of  heat  is  conveyed  to  it  from  a  hot  interior, 

A  consequence  of  the  rapid  rate  of  rotation  and  low  den- 
sity of  Saturn  is  that  it  is  very  oblate.  The  difference  be- 
tween its  equatorial  and  polar  diameters  is  nearly  6700  miles, 
or  about  10  per  cent  of  its  whole  diameter.  Its  oblateness 
is  so  great  that  it  is  conspicuous  even  through  a  telescope  of 
6  inches'  aperture. 

V.  Uranlb  and  Nepteine 

187.  The  Satellite  Systems  of  Uranus  and  Neptune.— 
Uranus  has  four  known  satelhtes,  two  of  which  were  dis- 
covered by  William  Hcrachel,  in  1787,  and  the  other  two 
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by  Lassell,  ia  1851.  Their  distances  are  respectively  120,000, 
167,000,  273,000  and  365,000  miles,  and  their  periods  of 
revolution  are  respectively  2.5,  4.1,  8.7,  and  13.5  days. 
Their  diameters  probably  range  between  500  and  1000 
miles.  They  all  move  sensibly  in  the  same  plane,  but  this 
plane  is  inclined  about  98°  to  the  plane  of  the  planet's 
orbit ;  that  is,  if  the  plane  of  the  orbits  of  the  satellites  is 
thought  of  as  having  been  turned  up  from  that  of  the  planet's 
orbit,  the  rotation  has  been  continuetl  8°  beyond  perpendicu- 
larity, and  the  satellites  revolve  in  the  retrograde  direction. 
Neptune  has  one  known  satellite  which  was  discovered 
by  Lassell,  in  1846.  It  revolves  at  a  distance  of  221,500 
miles  in  a  period  of  5  days  21  hours.  Its  diameter  is  probably 
about  2000  miles.  The  plane  of  its  orbit  is  inclined  about 
145"  to  that  of  the  planet's  orbit ;  that  is,  the  incUnation 
between  the  two  planes  is  about  35°  and  the  satellite  revolves 
in  the  retrograde  direction. 

188.  Atmospheres  and  Albedoes  of  Uranus  and  Neptune. 

—  Very  little  is  known  directly  respecting  the  atmospheres 
of  Uranus  and  Neptune.  Their  low  mean  densities  imply 
that  their  exterior  parts  are  largely  in  the  gaseous  state. 
As  confirmatory  of  this  conclusion,  the  spectroscope  shows 
that  the  light  which  we  receive  from  them  must  have  passed 
through  an  extensive  absorbing  medium  in  addition  to  the 
sun's  atmosphere  and  that  of  the  earth,  through  which  the 
light  from  all  planets  passes.  The  absorbing  effects  of  the 
element  hydrogen  and  water  vapor  are  shown  in  the  spectra 
of  both  planets,  but,  according  to  the  recent  results  of  Slipher, 
more  strongly  in  the  case  of  Neptune  than  in  that  of  Uranus. 
A  number  of  the  other  absorption  bands  are  due  to  unknown 
substances. 

The  albedo  of  Uranus  is  0.63,  and  that  of  Neptune,  0.73. 

189.  The  Periods  of  Rotation  of  Uranus  and  Neptune. 

—  Surface  markings  have  bwn  .seen  on  Uranus  by  Buffham, 
Young,  the  Andre  brothers,  Perrotin,  Holden,  Keeler,  and 
other  observers,  but  they  have  been  so  indefinite  and  fleeting 
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for  observation.  They  are  probably  in  much  the  eame  state 
as  Jupiter  and  Saturn,  though,  posaibly,  somewhat  further 
advanced  in  their  evolution  because  of  their  smaller  dimen- 
sions. One  thing  to  be  noticed  is  that  they  receive  rela- 
tively little  light  and  heat  from  the  sun.  The  amounts  per 
unit  area  are  about  a+s  ^""J  si^  that  received  by  the  earth. 
If  their  capacity  for  absorbing  and  radiating  heat  were  the 
sameas  that  of  the  earth,  their  temperatures  (Art.  172)  would 
be  respectively  about  —340°  and  —364°  Fahrenheit.  Never- 
theless, it  must  not  be  imagined  that  even  Neptune  would 
receive  only  feeble  illumination  from  the  aun.  Although 
the  sun,  as  seen  from  that  vast  distance,  would  subtend  a 
smaller  angle  than  Venus  does  to  us  when  nearest  the  earth, 
the  noonday  illumination  would  be  equal  to  700  times  our 
brightest  moonlight. 

XIII.   QUESTIONS 

1.  Find  by  the  method  of  Art.  172  what  the  mean  temperatures 
of  the  earth  would  be  at  the  distances  of  Mercury  and  Venus. 

2.  If  the  e&rth  always  presented  the  game  face  toward  the  aun, 
and  if  there  were  no  distribution  of  heat  by  the  atmosphere,  what 
would  be  the  mean  temperature  of  its  illuminated  side?  What 
would  bo  the  result  if  the  earth  were  at  the  distance  of  Venus  from 
the  sun? 

3.  If  the  mean  temperature  of  the  equatorial  zone  of  the  earth 
is  85°,  £Mid  if  it  receives,  per  unit  area,  2.5  times  as  much  heat  as  the 
polar  regions,  what  is  the  mean  temperature  of  the  polar  regions, 
neglecting  the  transfer  of  heat  by  the  atmosphere? 

4.  What  would  be  the  mean  temperature  of  the  equatorial 
Eone  of  the  earth  at  the  mean  distance  of  Mars? 

5.  Suppose  the  mean  temperature  of  the  Thibetan  plateau  at  a 
height  of  15,000  feet  above  sea  level  is  40°;  what  would  it  be  ir 
the  earth  were  at  the  distance  of  Mars  from  the  sun? 

6.  Suppose  the  atmosphere  which  a  planet  can  hold  is  propor- 
tional to  its  surface  gravity;  how  does  the  atmosphere  of  Mars 
compare  with  that  of  the  earth  at  an  altitude  of  15,000  feet  above 

7.  Waivii^  the  temperature  difBoulties  in  the  hypothesis  re- 
garding the  habitability  of  Mara,  what  reasonable  explanation  can 
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CHAPTER   X 

COMETS   AND    METEORS 

I.   Comets 

191.  General  Appearance  of  Comets.  —  The  planets  are 
characterized  by  the  ini^ariability  of  their  form,  the  sim- 
plicity of  their  motions,  and  their  general  similarity  to  one 
another.  In  strong  contrast  to  these  relatively  stable  bodies 
are  the  comets,  whose  bizarre  appearance,  complex  motions, 
and  temporary  visibility  have  led  astronomers  to  devote  to 
them  a  great  amount  of  attention.  Until  the  last  two  cen- 
turies they  were  objects  of  superstitious  terror  which  were 
supposed  to  portend  calamities.  At  least  so  far  as  their 
motions  are  concerned,  they  are  now  known  to  be  as  lawful 
as  the  other  members  of  the  solar  system. 

The  typical  comet  is  composed  of  a  head,  or  coma,  a 
brighter  nucleus  within  the  head  which  is  often  starlike  in 
appearance,  and  a  tail  streaming  out  in  the  direction  oppo- 
site to  the  sun.  The  apparent  size  of  the  head  may  be  any- 
where from  almost  starlike  smallness  to  the  angular  dimen- 
sions of  the  sun.  The  nucleus  is  usually  very  small  and 
bright,  but  the  tail  often  extends  many  degrees  from  the 
head  before  it  gradually  fades  out  into  the  darkness  of  the 
sky.  The  head  is  the  most  distinctive  part  of  the  comet,  for 
it  is  always  present  and  looks  much  like  a  circular  nebula. 
Either  the  nucleus  or  tail,  or  both,  may  be  absent,  especially 
if  the  comet  is  a  small  one.  Comets  vary  in  brightness  from 
those  which  are  so  faint  that  they  are  barely  visible  through 
large  telescopes  to  those  which  are  so  bright  that  they  may 
be  observed  in  full  daylight,  even  when  almost  in  the  direc- 
tion of  the  sun.  In  spile  of  their  being  Bometimes  very 
311 
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bright,  they  are  so  nearly  transparent  that  faint  stars  are  ' 
visible    through   them   without   the   sUghtest    appreciable 
diminution  of  their  Ught. 

There  are  records  of  about  400  comets  having  been  seen 
before  the  invention  of  the  telescope,  in  1609,  and  more 
than  the  same  number  have  been  observed  since  that  date. 
Astronomers  now  keep  a  close  watch  of  the  sky,  and  only 
very  faint  ones  can  escape  their  notice.  From  3  to  10  are 
found  yearly.  They  are  lettered  for  each  year  a,  b,  c,  .  .  . 
in  the  order  of  their  discoverj',  and  are  nmnbered  I,  II,  III, 
...  in  the  order  that  they  pass  their  perihelia.  Besides 
this,  they  are  generally  named  after  their  discoverers. 

192,  The  Orbits  of  Comets.  —  In  ancient  times  it  was 
supposed  that  comets  were  malevolent  visitors  prowling 
through  the  earth's  atmosphere,  bent  on  mischief.  Kepler 
supposed  they  moved  in  straight  lines,  but  Doerfel  showed 
that  the  comet  of  1681  moved  in  a  parabola  around  the  sun 
as  a  focus.  In  1686  Newton  invented  a  graphical  method 
of  computing  comets'  orbits  from  three  or  more  observations 
of  their  apparent  positions.  Better  methotls  have  been 
devised  by  Lambert,  Laplace,  Gauss,  and  later  astronomers, 
and  now  there  is  usually  no  difficulty  in  determining  the 
elements  of  an  orbit  from  three  complete  observations  which 
are  separated  by  a  few  days. 

The  orbits  of  about  400  comets  have  been  computed, 
and  as  nearly  as  can  be  determined  from  the  imperfect  obser- 
vations on  which  the  computations  of  many  of  them  are 
based,  the  orbits  of  about  300  of  them  are  essentially  para- 
bolic. In  fact,  they  are  so  generally  parabolic,  or,  at  least, 
extremely  elongated,  that  it  has  been  customary  in  the  pre- 
liminary computations  to  assume  they  are  parabolas.  Of 
the  remaining  cometary  orbits,  nearly  100  have  been  shown 
to  be  distinctly  elliptical  in  shape. 

A  conic  section  is  an  eUipso  if  its  eccentricity  is  less  than 
unity,  a  parabola  if  its  eccentricity  equals  unity,  and  an 
hyperbola  if  its  eccentricity  exceeds  unity.    Since  a  body 
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moving  subject  to  gravitation  may  describe  any  one  of  these 
three  claesea  of  orbits,  and  since  the  eccentricity  of  a  parab- 
ola is  the  limiting  case  between  that  of  an  ellipse  and  that 
of  an  hyperbola,  it  is  infinitely  improbable  that  the  orbit  of 
any  comet  is  exactly  parabolic. 

It  is  important  to  detennine  whether  the  eccentridties 
of  the  orbits  of  comets  are  stightly  less  than  unity  or  slightly 
greater  than  unity.  In  the  former  case  comets  are  per- 
manent members  of  the  solar  system ;  in  the  latter,  they  are 
only  temporary  visitors.  The  difficulty  in  answering  the 
question  is  not  theoretical,  but  practical.  In  the  first  place, 
comets  are  more  or  less  fuzzy  bodies  and  it  is  difficult  to 
locate  the  exact  positions  of  their  centers  of  gravity.  In 
the  second  place,  they  are  observed  during  only  a  very  small 
part  of  their  whole  periods  while  they  are  in  the  neighbor- 
hood of  the  earth's  orbit.  Generally  they  are  not  seen  much 
beyond  the  orbit  of  Mara  and  very  rarely  at  the  distance  of 
Jupiter.  For  such  a  small  arc  the  motion  is  sensibly  the 
same  in  a  very  elongated  elhpse,  in  a  parabola,  and  in  an 
hyperbola  whose  eccentricity  is  near  unity,  as  is  evident 
from  Fig.  120. 

More  than  80  comets  move  in  orbits  whose  major  axes 
are  so  short  that  they  will  certainly  return  to  the  sun.  The 
remainder  move  in  exceedingly  elongated  orbits,  and  the 
character  of  their  motion  is  less  certain.  But  it  is  signifi- 
cant that  the  recent  computations  of  Stromgren  show  that 
in  all  cases  in  which  comets  have  been  sufficiently  observed 
to  give  accurate  results  respecting  their  orbits,  they  were 
moving  in  ellipses  when  they  entered  the  solar  system.  At 
the  present  time  there  is  no  known  case  of  a  comet  which 
was  well  observed  for  a  long  time  whose  orbit  was  hyper- 
bolic, and  astronomers  are  becoming  united  in  the  opinion 
that  they  are  permanent  members  of  the  solar  system. 

The  orbits  of  alt  the  planets  are  nearly  in  the  same  plane ; 
on  the  other  hand,  the  planer  of  the  orbits  of  the  comets  He 
in  every  possible  direction  and  exhibit  no  tendency  to  paral- 


CH.  X,  1921 


COMETS  AND   METEORS 


lelism.  The  perihelia  of  the  orbits  of  comets  are  distributed  j 
all  around  the  sun,  but  show  a  alight  tendency  to  cluster  in  J 
the  direction  in  which  the  sun  is  moving  among  the  stars,  a  J 
fact  which  probably  has  some  connection  with  the  sun's  I 
motion. 

Some  comets  have  perihelion  points  only  a  few  hundred  ] 
thousand  ^les  from  the  surface  of  the  sun,  and  when  nearest  J 


the  sua  they  actually  pass  through  its  corona  (Art.  238). 
About  25  comets  pafia  within  the  orbit  of  Mercury ;  nearly 
three  fourths  of  those  which  have  been  observed  come 
within  the  orbit  of  the  earth ;  very  few  so  far  seen  are  per- 
manently without  the  orbit  of  Mars,  and  all  known  comets 
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thousands  or  hundreds  of  thousands  of  miles  in  their  n 
remote  parts.  They  vary  in  length  from  a  few  milhon 
miles,  or  even  less,  up  to  more  than  a  hundred  million  of 
miles.  In  volume,  the  tails  of  comets  are  thousands  of 
times  greater  than  the  sun  and  all  the  planets  together. 
The  strangest  thing  about  them  is  that  they  point  almont 
directly  away  from  the  sun  whichever  way  the  comet  may 
be  going.  That  is,  when  the  comet  is  approaching  the  sun, 
the  tails  trail  behind  hke  the  smoke 
from  a  locomotive ;  when  the  comet 
is  receding,  they  project  ahead  like 
the  rays  from  the  head  light  on  a 
misty  night.  When  a  comet  is  far 
from  the  aun,  its  tail  is  small,  or  may 
be  entirely  absent ;  as  it  approaches  ' 
the  sun,  the  tail  develops  in  dimensions 
and  splendor,  and  then  diminishes 
again  on  its  recession  from  the  sun. 
194.  The  Masses  of  Comets.  — 
Comets   give   visible  evidence  of   re-  ^      ,„,      ~,     ,  .,     , 

"  Flu.   121.  —  Tlie    tiiila  of 

markable  tenuity,  but  their  volumes      cometa  are  aiwiiys  di- 
are  so  great  that,   if   their   densities      ^^^  "^"^  ^"°'  '^ 
were   one  ten-thousandth  of  that  of 
air  at  the  surface  of  the  earth,  their  masses  in  many  cases 
would  be  comparable  to  the  masses  of  the  planets. 

The  masses  of  comets  are  determined  from  their  attrac- 
tions for  other  bodies  (Arts.  19,  154).  Or,  rather,  their  lack 
of  appreciable  mass  is  shown  by  the  fact  that  they  do  not 
produce  observable  disturbing  effects  in  the  motions  of 
bodies  near  which  they  pass.  Many  comet'*  have  bad  their 
orbits  entirely  changed  by  planets  without  producing  any 
Bensible  effects  in  return.  'Since,  according  to  the  third  law 
of  motion,  action  between  two  bodies  is  equal  and  opposite, 
it  follows  that  the  masses  of  comets  are  very  small,  probably 
not  exceeding  one  millionth  that  of  the  earth. 

One  of  the  most  striking  examples  of  the  feeble  gravita- 
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remoter  planets  and  is  no  longer  subject  to  capture  by  them. 
The  planets  beyond  the  orbit  of  Jupiter  have  a  few  cometa 
each,  and  the  clustering  of  the  aphelia  of  comets  at  still 
more  remote  distances  has  suggested  the  existence  of  planets 
as  yet  undiscovered  (Art.  161).  The  terrestrial  planets  have 
no  comet  families  partly  because  their  masses  are  small  com- 
pared to  that  of  the  sim,  and  partly  because  comets  cross 
their  orbits  at  very  great  speed. 

The  masses  of  the  planets  are  not  great  enough  to  reduce 
a  parabolic  comet  to  membership  in  their  own  families  at 
one  disturbance.  The  matter  is  illustrated  by  Brooks'  comet, 
1889-V,  whose  periotl,  according  to  the  computations  of 
Chandler,  was  reduced  by  Jupiter,  in  1886,  from  27  years 
to  7  years.  Lexell's  comet,  of  1770,  furnishes  an  example 
of  a  disturbance  of  the  opposite  character.  In  1770  it  was 
moving  in  an  elliptical  orbit  with  a  period  of  5.5  years;  but 
in  1779  it  approached  near  to  Jupiter,  its  orbit  was  enlarged, 
and  it  has  never  been  seen  again. 

When  a  planet  captures  a  comet,  the  former  reduces  the 
dimensions  of  the  orbit  of  the  latter,  but  the  latter  still  re- 
volves around  the  sun.  The  question  arises  whether  a  planet 
might  not  capture  a  comet  in  a  more  fundamental  sense ; 
that  is,  reduce  its  orbit  so  that  it  would  become  a  satellite  of 
the  planet.  It  has  been  repeatedly  suggested  that  the 
planets  may  have  captured  their  satellites  in  this  manner. 
The  answer  to  this  suggestion  is  that  a  planet  cannot  capture 
a  comet  and  make  it  into  a  satellite  simply  by  its  own  grav- 
tation  and  that  of  the  sun.  The  only  possibility  is  that  the 
comet  should  encounter  resistance  in  a  very  special  manner, 
and  even  then  the  problem  presents  serious  difficulties.  No 
small  resistance  would  be  sufficient  because  the  motion  of  a 
comet  around  the  sun  in  a  parabolic  orbit  is  much  greater 
than  it  would  be  in  a  satellite  orbit ;  and,  in  order  that  resist- 
ance should  reduce  the  velocity  by  the  required  amount,  it 
would  be  necessary  for  the  comet  to  encounter  so  much 
material  that  its  mass  would  grow  several  fold. 
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computed  has  moved  in  a  sensibly  hyperbolic  orbit  points 
strongly  to  the  conclusion  that  comets  have  been  permanent 
members  of  the  solar  system.  They  are  possibly  the  remaina 
of  the  far  outlying  masses  of  a  nebula  from  which  the  solar 
system  may  have  been  tieveloped.  With  increasing  proof 
that  they  are  actually  permanent  members  of  the  solar  sys- 
tem, their  importance  in  connection  with  the  question  of  its 
origin  and  evolution  continually  increases. 

198.   Theories  of  Comets'  Tails.  —  The  fact  that  the  tails 
of  comets  usually  project  almost  directly  away  from  the 
sun  indicates  that  they  are  in 
some    way   acted    upon    by    a  .--''''.'.IZ'. 

repelling  force  emanating  from  _,/---'[., 

the  Bun.     The  intensity  of  this  ,  rosiw       S:J^'' "" 

repulsion  has  been  computed  in  V-'^.-Iliy.V"  '" 

a  number  of  cases  by  Barnard  'A.''  ""'•- 

and  others  from  the  accelera-  ""■"*"»","- 

tions  which  masses  have  under-  -■-;."." 

gone  which  were  receding  from  Fio  123.  -  The  repuloon  tl»<.ry 
f,'j  ■'-        ■■.,      "■..  I.   .n.^^.   6      -J  of  tho  ongrn  of  cometa  tails, 

the  heads  of  comets  along  their 

tails.  These  accelerations  have  been  determined  by  com- 
paring photographs  of  the  comets  taken  at  different  time? 
separated  by  short  intervals. 

It  was  suggested  by  Olbers  as  early  as  1812  that  the  repul- 
sive force  which  apparently  produces  the  tails  of  comets  may 
be  electrical  in  character.  This  theory  has  been  taken  up 
and  systematically  developed  by  Bredichin,  of  Moscow. 
According  to  it,  the  sun  and  comet  nuclei  both  repel  the 
material  of  which  the  tails  of  comets  are  composed.  Those 
particles  which  leave  the  nuclei  in  the  direction  away  from 
the  sun  continue  on  in  straight  lines ;  those  which  leave  in 
other  directions  are  gradually  bent  back  by  the  force  from 
the  sun  and  form  the  outer  parts  of  the  tails,  as  shown  in 
Fig.  123.  The  resulting  tails,  especially  if  they  are  very 
long,  are  slightly  curved  because  the  motion  of  the  comet 
is  somewhat  athwart  the  line  along  which  the  repelled  par- 
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the  8un,  and  that  sometime  thev 
a  number  of  degrees  in  a.  vor^ 
Barnard  took  pbotograpJM  ^  g 
on  November  2  and  KovetnberX 
moved  forward  in    its   orlj«t  ^^ 
according  to  these  theoriM.  ^  4 
have  changed  about   1°.      B«t(^ 
direction  of  the  tail   of   16"  i 
There  are  also  sudden   and  | 
and  luminosity  of   cometn'  t 
Sometimes  secondary-  tails  •■ 
making  an  angle  of  as  mudi 
comet  with  the  aun.       Obvio^^^ 
in  connection  with   the  taib«f 

199.   The  Disintegration 
ieave  tht'  lieaci   of  a,   comet  t« 
it  again.     In  this  \va>-,  at 
part  of  the  materia.1   which 
into  space;  and,  as  the  qi 
the  comet  becomes  lesB  and 
is  one  of  the  reasons   why 
such  a  remarkable   object  asi, 
of  its  earlier  appa-ritionn. 

There  is  another  way  in 
their  masses  are   very  aiimll, 
parta  are  not    sufficient   to ' 
subject  to  strong    disturt- 
the  Bun,  they   are  elon^l 
they  pass  within  Roche  e 
ceed  their  self  gravitation 

Comets  have  such  exc- 
tidal  disintegration   for 
,uent,y    ^hen  a^eo.-t 

to  which  It  i»  assemi 

tion  after    they 
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their  way  out  tliey  may  paee  near  a  planet  which  will  exert 
anakicous  forces,  and  may  so  disoiganiae  th«n  that  they 
will  never  again  be  united  into  a  sin^e  body. 

The  theory  whi«h  has  just  been  outlined  is  clear.  Now 
what  have  been  the  observed  facts?  Biela's  comet  was 
broken  into  (wo  parts  by  some  unknown  forces,  and  the  two 
components  sufasequmUy  traveled  in  independent  paths. 
The  gTMt  c(»net  of  1882  was  seen  to  have  a  number  of  out- 
l]ring  fragments  when  it  was  in  the  vicinity  of  the  sun,  and 
many  other  comets  ha%-e  exhibited  analogous  phenomoia. 

Another  source  of  disturbance  (o  which  comets  are  sub- 
ject is  the  scattered  meteoric  material  which  may  more  or 
less  fiU  the  space  among  the  planets.  The  phenomenon  of 
the  zodiacal  light  gives  an  almost  certain  proof  of  its  exten- 
si\'e  existence.  Such  scattered  particles  would  have  Uttle 
effect  on  a  dense  body  like  a  planet,  but  might  cause  serious 
disturbances  in  a  tenuous  comet.  In  fact,  there  are  many 
instances  in  which  comets  and  comets'  tails  seem  to  have 
been  subjected  to  unknown  exterior  forces.  They  are  now 
and  then  more  or  less  broken  up,  and  occasionally  the  tails 
of  comets  have  been  apparently  cut  off  and  brushed  aside. 

Many  comets  which  have  been  observed  at  two  or  three 
perihelion  passages  have  been  found  to  be  fainter  at  each 
successive  return  than  they  were  at  the  preceding,  and  some 
have  eventually  entirely  disappeared.  It  seems  to  be  a  safe 
conclusion  that  comets  are  slowly  disintegrated  under  the 
disturbing  forces  of  the  sun  and  planets  and  the  resisting 
meteoric  material  which  they  may  encounter.  As  confirma- 
tory of  this  view,  it  may  be  noted  that  the  members  of  Jupi- 
ter's family  have  small  tails  or  none  at  all ;  that  this  comet 
family  does  not  contain  as  many  members  as  might  be  ex- 
pected ;  and  that  a  number  of  comets  have  totally  disap* 
peared,  presmnahly  by  disintegration. 

200.  Historical  Comets.  —  In  this  article  some  of  those 
comets  will  be  briefly  desciibed  which  have  exhibited  phe- 
nomena of  unusual  interest.    The  enumeration  of  their 
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peciJiarities  will  illustrate  the  general  etatcmenta  which  have 
preceded,  and  will  give  additional  information  respecting 
these  remarkable  objects. 

The  Comet  of  1680.  —  The  comet  of  1680  was  the  first  one 
whose  orbit  was  computed  on  the  basis  of  the  law  of  gravi- 
tation. Newton  made  the  calculations  and  found  that  its 
period  of  revolution  was  about  600  years.  It  is  one  of  the 
family  of  comets  mentioned  in  Art.  195.  At  its  perihelion 
it  passed  through  the  sun's  corona  at  a  distance  of  only 
140,000  miles  from  it.n  surface.  It  flew  along  this  part  of  its 
orbit  at  the  rate  of  370 
miles  per  second,  and 
its  tail,  100,000,000  miles 
long,  changed  its  direc- 
tion to  correspond  with 
the  motion  of  the  comet 
in  its  orbit. 

The  Great  Comet  of 
1811.  —  The  great  comet 
of  1811  was  visible  from 
March  26,  1811,  until 
August  17, 1812,  and  was 
carefully  observed  by  William  Herschel 
the  changes  in  its  brightness,  that  it  ahone  partly  by  its  own 
light ;  for  its  brilliance  increased  as  it  approached  the  sun 
more  rapidly  than  it  would  have  done  if  it  had  been  shining 
entirely  by  reflected  light.  At  one  time  its  tail  was 
100,000,000  miles  long  and  15,000,000  miles  in  diameter. 
The  phenomena  connected  with  it  suggested  to  Olbers  the 
electrical  repulsion  theory  of  comets'  tails. 

Encke's  Comet  (1819).  —  Encke'a  comet  was  the  first 
member  of  Jupiter's  family  to  be  discovered,  and  it  has  a 
ehorter  period  (3.3  years)  than  any  other  known  comet. 
At  its  brightest  it  was  an  inconspicuous  telescopic  object 
(Fig.  125),  but  it  is  noted  for  the  fact  that  its  period  was 
shortened,   presumably   by   encountering   some   resistance. 
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the  30th  of  September,  in  the  early  part  of  the  night,  the 
comet  presented  an  almost  normal  appearance.  Before  the 
night  was  over,  the  tail  had  become  cyclonic  in  form  and 
was  attached  to  the  head,  which  then  was  small  and  star- 
like,  by  a  very   slender,  curved,  tapering  neck.     On  the 

:ceeding  night  the  material  that  then  constituted  the  tail 
was  entirely  detached  from  the  head.  On  October  15,  there 
was  another  large  outbreak  of  material  which  was  shown 
by  successive  photographs  to  be  swiftly  receding  from  the 
comet  (Fig.  126). 

Not  only  was  Morehouse's  comet  noteworthy  for  the  ex- 
traordinary activities  exhibited  by  its  tail,  but  it  changed  in 
brightness  in  a  very  remarkable  manner.  It  was  generally 
considerably  below  the  limits  of  visibility  with  the  unaided 
eye,  but  now  and  then  it  would  flash  up,  without  apparent 
reason,  for  a  day  or  so  until  it  could  be  seen  very  faintly 
without  a  telescope.  While  a  number  of  larger  comets  have 
been  observed  in  recent  years,  no  other  has  gjven  evidence 
of  such  remarkable  changes  in  the  forces  that  produce  comets' 
tails,  and  no  other  has  exhibited  such  mysterious  variations 
in  brightness. 

201.  Halley's  Comet.  —  Halley's  comet  is  the  most  cele- 
brated one  in  all  the  history  of  these  objects.  It  is  named 
after  Hailey,  not  because  he  discovered  it,  but  because  he 
computed  its  orbit  from  observations  made  in  1682  by  the 
methods  which  had  been  developed  by  hie  friend  Newton. 
Hailey  found  that  the  orbit  of  this  comet  was  almost  iden- 
tical with  the  orbits  of  the  comets  of  1607  and  1531.  He 
came  to  the  conclusion  that  these  various  comets  were  only 
different  appearances  of  the  same  one  which  was  revolving 
around  the  sun  in  a  period  of  alxjut  75  years.  The  records 
of  comets  in  1456,  1301,  1145,  and  1066  confirmed  this  view 
because  these  dates  differ  from  1682  by  nearly  integral  mul- 
tiples of  75  or  76  years.  From  his  computations  Hailey  pre- 
dicted that  the  comet  would  apjjear  again  and  pass  its  peri- 
helion point  on  March  13,  1759. 


time  it  was  so  accurately  observed  that  its  subsequent  orbit 
couJd  be  computed  with  a  high  degree  of  precision.  If  it 
had  made  its  next  revolution  in  the  same  period  as  the  one 
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ending  in  1835,  it  would  have  passed  its  perihelion  in  July, 
1912.  Instead  of  this,  it  passed  its  perihelion  on  April  19, 
1910.     The  perturbations  of  the  remote  planets  reduced  its 
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rival  the  sun  in  brightness.  One  of  the  reasons  for  the  di^ 
appointment  was  that  the  earth  was  not  very  near  the  comet 
when  it  was  at  its  perihelion  where  it  was  brightest  and  bad 
the  longest  tail.  The  relations  of  the  earth,  comet,  and 
Bun  in  this  part  of  its  orbit  are  shown  in  Fig.  129,  drawn  by 
Barnard.  On  May  5,  the  length  of  the  comet's  tail  was 
37,000,000  miles.  On  May  18  the  comet  passed  between 
the  earth  and  the  sun  and  wsis  entirely  invisible  when  pro- 
jected on  the  sun's  disk.  This  shows  that  even  its  nucleus 
was  extremely  tenuous  and  transparent.  At  this  time  the 
earth  passed  through  at  least  the  outlying  part  of  its  tail. 
Neither  at  this  time  nor  at  any  other  did  the  comet  have 
any  sensible  influence  upon  the  earth.  On  the  whole,  it  waa 
altogether  devoid  of  interesting  features. 

II,   Meteors 

202.  Meteors,  or  Shooting  Stars.  —  An  attentive  watch 
of  the  sky  on  almost  any  clear,  moonless  night  will  show  one 
or  more  so-called  "  shooting  stars."  They  are  Uttle  flashes 
of  light  which  have  the  appearance  of  a  star  darting  across 
the  sky  and  disappearing.  Instead  of  being  actual  stars, 
which  are  great  bodies  like  our  sun,  they  are,  as  a  matter 
of  fact,  tiny  masses  so  small  that  a  person  could  hold  one 
in  his  hand.  Under  certain  circumstances  of  motion  and 
position,  they  dash  into  the  earth's  atmosphere  at  a  speed 
of  from  10  to  40  miles  per  second,  and  the  heat  generated 
by  the  friction  with  the  upper  air  vaporizes  or  bums  them. 
ITie  products  of  the  combustion  and  pulverization  slowly 
fall  to  the  earth  if  they  are  solid,  or  are  added  to  the  atmos- 
phere if  they  are  gaseous.  Since  it  is  misleading  to  call  them 
"  shooting  stars,"  they  will  always  be  called  "  meteors  " 
hereafter. 

The  distances  of  meteors  were  first  determined  in  1798 
by  Brandea  and  Benzenberg,  at  Gottingen.  They  made 
ramultaneous  observations  of  them  from  positions  separated 
by  a  few  miles,  and  from  the  differences  in  their  apparent 
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directions  they  computed  their  altitudes  above  the  sur- 
face of  the  earth  (Art.  29).  Their  obeervatioos  and  those 
of  many  succeeding  astronomers,  among  whom  may  be 
mentioned  Denning,  of  England,  and  Ohv-ier,  of  Vir^nia, 
have  shown  that  meteors  rarely,  if  ever,  become  visible  at 
altitudes  as  great  as  100  mites,  and  nearly  all  of  them  dis- 
appear before  they  have  descended  to  within  30  miles  of  the 
earth's  surface. 

The  velocity  with  which  a  meteor  enters  the  atmosphere 
can  Iw  found  by  determining  the  point  at  which  it  becomes 
visible,  the  point  at  which  it  disappears,  and  the  interval  of 
time  during  which  it  is  visible.  The  total  amount  of  li^t 
energj'  given  out  by  a  meteor  can  be  determined  from  its 
apparent  brightness,  its  distance  from  the  observer,  and  the 
time  during  which  it  is  radiant.  The  energy  radiated  by  a 
meteor  has  its  source  in  the  heat  generated  by  the  friction 
of  the  meteor  with  the  earth's  atmosphere,  and  it  cannot 
exceed  the  kinetic  energy  of  the  meteor  when  it  entered 
the  atmosphere.  Suppose  all  the  Idnetic  energj'  of  a  meteor 
is  transformed  into  light.  This  assumption  is  not  strictly 
true  but  it  will  be  approximately  true  for  matter  moving 
with  the  high  speed  of  a  meteor.  Then,  since  the  energy 
of  motion  of  a  body  is  one  half  its  ma-w  multipUed  by  the 
sauare  of  its  velocity,  the  mass  of  the  meteor  can  be  com- 
puted because  its  hght  energy  and  voloiity  can  be  deter- 
rnined  directly  from  observations  by  the  methods  which 
have  iust  been  described.  By  such  means  it  has  been  found 
tWt  oc^nftrily  the  masses  of  meteors  do  not  exceed  a  few 
-^-.  rt(  an  ounce.  However,  the  observational  data  are 
1  to  determine  and  the  subject  has  received  relatively 
than  it  deserves.  Consequently,  no  great 
i  be  placed  on  the  precise  numerical  results, 
W^^tK  of  Meteors.  —  If  a  person  scans  the 
jjp  jg/H  fwrfa  that  he  ran  see  ordy  a  few  meteors, 
r  the  conclusion  that  the  number  of 
P  cAith's  atmosphere  daily  is  not  very 
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large.  He  bases  his  conclusioD  mostly  on  the  fact  that  half 
of  the  celestial  sphere  is  within  his  range  of  vision,  but  a 
diagram  representing  the  earth  and  its  atmosphere  to  scale 
wiU  show  him  that  he  can  see  by  no  means  half  the  meteors 
which  strike  the  earth's  atmosphere.  As  a  matter  of  fact, 
he  can  see  the  atmosphere  over  only  a  few  square  miles  of 
the  earth's  surface. 

From  very  many  counts  of  the  number  of  meteors  which 
can  be  seen  from  a  single  place  during  a  given  time,  it  has 
been  computed  that  between  10  and  20  millions  of  them 
strike  into  the  earth's  atmosphere  daily.  There  are  prob- 
ably several  times  this  number  which  are  so  small  that  they 
escape  observation.  Often  when  astronomers  are  working 
with  telescopes  they  see  faint  meteors  dart  across  the  field 
of  vision  which  would  be  quite  invisible  with  the  unaided  eye. 

Meteors  enter  the  earth's  atmosphere  from  every  direc- 
tion. The  places  where  they  strike  the  earth  and  the  veloci- 
ties of  their  encounter  depend  both  upon  their  own  veloci- 
ties and  also  upon  that  of  the  earth  around  the  sun.  The 
side  of  the  earth  which  is  ahead  in  its  motion  encounters 
more  meteors  than  the  opposite,  for  it  receives  not  only  those 
which  it  meets,  but  also  those  which  it  overtakes,  while  the 
part  of  the  earth  which  is  behind  receives  only  those  which 
overtake  it.  The  meridian  is  on  the  forward  side  of  the 
earth  in  the  morning  and  on  the  rearward  side  in  the  even- 
ing. It  is  found  by  observation  that  more  meteors  are  seen 
in  the  morninK  than  in  the  evening,  and  that  the  relative 
velocities  of  impact  are  greater. 

204,  Meteoric  Showers.  —  Occasionally  unusual  num- 
bers of  meteors  are  seen,  and  then  it  is  said  that  there  is  a 
meteoric  shower.  There  have  been  a  few  instances  in  which 
meteors  were  so  numerous  that  they  could  not  be  counted, 
but  usually  not  more  than  one  or  two  appear  in  a  minute. 

At  the  time  of  a  meteoric  shower  the  meteors  are  not 
only  more  numerous  than  usual,  but  a  majority  of  them 
move  so  that  when  their  apparent  paths  are  projected  back- 
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nearly  3000  other  less  conspicuous  ones  have  been  found. 
The  Perseids  appear  for  a  week  or  more  near  the  middle  of 
August,  the  Lyrids  on  or  about  April  20,  the  Orionids  on  or 
about  Octotjer  20,  etc. 

206.  Explanation  of  the  Radiant  Point.  —  In  1834  Olm- 
sted showed  that  the  apparent  radiation  of  meteors  from  a 
point  is  due  to  the  fact  that  they  move  in  parallel  lines, 
and  that  we  see  only  the  projection  of  their  motion  on  the 
celestial  sphere.  Thus,  in  Fig.  131,  the  actual  paths  of  the 
meteors  are  AB,  but  their  apparent  paths  as  seen  by  an 
observer  at  0  are  AC.    When  these  lines  are  all  continued 
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backward,  they  meet  in  the  point  which  is  in  the  direction 
from  which  the  meteors  come. 

It  follows  that  the  meteors  which  give  rise  to  the  meteoric 
showers  are  moving  in  vast  swarms  along  orbits  which  inter- 
sect the  orbit  of  the  earth.  When  the  earth  passes  through 
the  point  of  intersection,  it  encounters  the  meteors  and  a 
shower  occurs.  Thus,  the  orbit  of  the  Leonids  touches  the 
orbit  of  the  earth  at  the  point  which  the  earth  occupies  on 
November  14.  In  this  case  the  earth  meets  the  meteors 
(Fig.  132),  while  the  Andromlds  overtake  the  earth, 

206.  Connection  between  Comets  and  Meteors.  — The 
fact  that  the  volatile  material  of  which  comets'  tails  are 
composed  gradually  becomes  exhausted,  after  which  the 
comets  themselves  become  invisible,  and  the  fact  that 
meteoric  showers  are  due  to  wandering  swarms  of  small 


AN    INTRODUCTION    TO   ASTRONOMY    [ch.  x.  206 


particles  which  revolve  around  the  sun  in  elongated  ellip- 
tical orbits,  suggest  the  hypothesis  that  comets  and  metcora 
are  related.  The  hypothesis  is  confirmed  and  virtually 
proved  by  the  identity  of  the  orbits  of  certdn  meteoric 
swarms  and  comets. 

In  1866  Schiaparelli  showed  that  the  August  meteora 
move  in  the  same  orbit  as  Tuttle's  comet  of  1862.  That  is, 
in  addition  to  the  comet,  which  is  a  member  of  Saturn's 
family,  there  are  many  other  small  bodies  (meteors)  travel- 
ing in  the  same  orbit.  In  1867  Leverrier  found  that  the 
Leonids  move  in  the  same  orbit  aa  Tcmpel's  comet  of  1866, 
while  Weiss  showed  that  the  meteors  of  April  20  and  the 
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comet  of  1861  move  in  the  same  orbit,  and  that  the  paths 
of  the  Andromids  and  Biela'a  comet  were  Ukewise  the  same. 
It  has  recently  been  claimed  that  the  Aquarid  meteors  of 
early  May  have  an  orbit  almost  identical  with  that  of 
Hal  ley's  comet. 

While  it  is  not  possible  to  be  certain  as  to  the  origin  of 
comets,  the  history  of  their  later  evolution  and  final  end  is 
tolerably  clear.  The  elongated  orbits  in  which  they  may 
have  originally  moved  are  reduced  when  they  are  captured 
by  the  planets.  Their  periods  of  revolution  are  subsequently 
shorter,  their  volatile  material  wastes  away  in  the  form  of 
tails,  and  the  remaining  material  is  scattered  along  their 
orbits  by  the  dispersive  forces  to  which  they  are  subject. 
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If  these  orbits  cross  the  orbit  of  a  planet,  the  remains  of  the 
comets  are  gradually  swept  up  by  the  larger  body.  If  an  orbit 
of  a  comet  does  not  originally  cross  the  orbit  of  a  planet, 
the  perturbations  of  the  planets  will,  in  general,  in  the  course 
of  time,  cause  it  to  do  so.  The  result  will  be  that  the  planets 
sweep  up  more  and  more  of  the  remains  of  disintegrated 
comets  and  undergo  a  gradual  growth  in  this  manner. 

207.  Effects  of  Meteors  on  the  Solar  System.  —  The 
most  obvious  effect  of  the  numerous  meteors  which  swarm 
in  the  solar  system  is  a  resistance  both  to  the  rotations  and 
the  revolutions  of  all  the  bodies.  As  was  stated  in  Art.  45, 
the  efifects  of  meteors  upon  the  rotation  of  the  earth  are  at 
present  exceedingly  alight,  and  it  is  very  probable  that  their 
influences  upon  the  rotations  of  the  other  memtwrs  of  the 
system  are  also  inappreciable.  A  retardation  in  the  tran&- 
latory  motion  of  a  body  causes  its  orbit  to  decrease  in  size. 
Hence,  so  far  as  the  meteors  affect  the  planets  in  this  way, 
they  cause  them  continually  to  approach  the  sun. 

Another  effect  of  meteors  upon  the  members  of  the  solar 
system  is  to  increase  their  masses  by  the  accretion  of  matter 
which  may  have  come  originally  from  far  beyond  the  orbit 
of  Neptune.  As  the  masses  of  the  sun  and  planets  in- 
crease, theii-  mutual  attractions  increase  and  the  orbits  of 
the  planets  become  smaller.  Looking  backward  in  time,  we 
are  struck  by  the  possibility  that  the  accretion  of  meteoric 
matter  may  have  been  more  rapid  in  former  times,  and  that 
it  may  have  been  an  important  factor  in  the  growth  of  the 
planets  from  much  smaller  bodies. 

208.  Meteorites.  —  Sometimes  bodies  weighing  from  a 
few  pounds  up  to  several  hundred  pounds,  or  even  a  few 
tons,  dash  into  the  earth's  atmosphere,  glow  brilliantly  from 
the  heat  generated  by  the  friction,  roar  like  a  waterfall, 
occasionally  produce  violent  detonations,  and  end  by  falling 
on  the  earth.  Such  bodies  are  called  meteorites,  sideriies,  or 
aSrolitea. 

About  two  or  three  metoorites  are  seen  to  fall  yearly ;  but, 
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ft  large  part  of  the  earth  is  covered  with  water  or  i 
bited  for  other  reasons,  it  is  probable  that  in  i 
1  100  strike  the  earth  annually.     The  outside  of  i 
rite  during  its  passage  through  the  air  is  subject  to:! 
f  and  sudden  heating,  and  the  rapid  expansion  of  i 
t  lityers  often  breaks  it  into  many  fragments.     Tho| 
■OT  B  fused  and  on  striking  cools  rapidly.     The  result  ij 
t  it  has  a  black,  glossy  structure,  usually  with  many  I 
B  pite  where  the  less  refractive  material  has  been  melted  | 
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entirely  through  the  atmosphere  in  I 
r  surfaces  give  evidence  of  the  ex-  I 
to  which  they  have  been  sub-  1 

of  stone,  though  it  is  oftett 

Even  where  pure  iron  is  not 

are  usunlly  found.    About 

hmdred  are  nearly  pure  iron 

about  1^0  elements  which 

been  found  in  mcteoritee, 

respects  their  structure 

^wnsbiAl  substances.     They   ' 


have  peculiar  crystals,  they  show  but  Httle  oxidation  and 
no  action  of  water,  and  they  contain  in  their  interstices  rela- 
tively large  quantities  of  occluded  gases,  some  of  which  are 


combustible.  According  to  Farrington,  some  meteors  give 
evidence  of  fragmentation  and  recementation,  others  show 
faulting  (fracture  and  sliding  of  one  surface  on  another)  with 


recementation,  and  others,  veins  where  foreign  material  has 
been  slowly  deposited. 

209.  Theories  respecting  the  Origin  of  Meteorites.  — If 
it  were  known  that  meteorites  are  but  meteors  which  are  so 
large  that  they  reach  the  earth  before  they  are  completely 
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wa^t  justly  conclude  that  thi 
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pfataets,  or  perhaps  the  sun., 
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vuntain  only  faiiiilJar  elements,, ' 

uf  the  solar  system  contain  only 

but  it  does  not  at  all  explain  the 

d  Ywas,  for  forces  great  enough 

dcarvflj-  be  found  without  heat 
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that  meteorites  may  be  the 

■  planetary  dimensions,  which 

skraius  when  they  have  passed 
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t  at  nuv  intervals  they  pass  so 
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lliemselves  may  be  dia- 
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The  suggestion  that  a  meteorite  may  be  a  fragment  of  a 
world  which  was  disrupted  before  the  origin  of  the  earth 
makes  some  demands  on  the  imagination,  but  it  seems  no 
more  incredible  to  ua  than  seemed  the  suggestion  to  our 
predecessors  a  century  ago  that  great  mountains  have  been 
utterly  destroyed  by  the  rains  and  snows  and  winds. 


XIV.  QUESTIONS 

1.  What  observations  would  prove  thut  (comets  are  not  in  the 
earth's  atmosphere,  as  the  ancients  supposed  they  were  ? 

2.  Suppose  two  small  masses  are  moving  around  the  sun  in  the 
same  elongated  orbit,  but  that  one  is  somewhat  ahead  of  the  other. 
How  will  their  distaaoe  apart  vary  with  their  position  in  their  orbit 
(use  the  law  of  areas)  7  Does  this  surest  an  explanation  of  the 
variations  in  the  dimensions  of  comets'  heads  ? 

3.  The  velocity  of  a  comet  moving  in  a  paraboUo  orbit  is  in- 
versely as  the  square  root  of  its  distanoe  from  the  sun.  At  the  dis- 
tance of  the  earth  a  comet  has  a  velocity  of  about  25  miles  per 
second.  What  is  the  distance  between  the  comets  of  1843  and  1882 
when  they  are  100,000  astronomical  units  from  the  sun  ? 

4.  Suppose  the  particles  of  which  a  comet  is  composed  have 
almost  exadtly  the  same  perihelion  point  but  somewhat  different 
apheUon  points.  How  would  the  dimensions  of  the  comet  vary 
with  its  position  in  its  orbit  ? 

5.  By  means  of  Kepler's  third  bw  compute  the  period  of  a 
comet  whose  aphehon  point  is  at  a  distance  of  140,000  astronomical 
units,  which  is  about  half  the  distance  of  the  nearest  known  star. 

6.  What  objections  are  there  to  the  theory  that  originally  all 
comets  had  an  aphelion  distance  eqtial  to  that  of  Neptune,  and  that 
the  orbits  of  some  have  been  increased  and  others  diminished  by  the 
action  of  the  planets  ? 

7.  On  the  repulsion  theory  should  a  comet's  tail  be  equally  long 
when  it  is  approaching  the  sun  and  when  it  is  receding  ? 

8.  Draw  the  diagram  mentioned  in  the  first  paragraph  of  Art.  203. 

9.  Count  the  number  of  meteors  you  can  observe  in  an  hour  on 
some  clear,  moonless  night. 

10.  If  possible,  observe  the  Leonid  or  Andromid  meteors. 

11.  Make  a  list  of  the  fairly  well-explained  cometary  pbenomeoa, 
and  of  those  for  whiob  no  satisfactory  theory  exists. 
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oxidized  and  pulverized,  we  might  justly  w 
are  probably  the  remains  of  disintegrati^ 
would  enable  us  to  learn  certain  things  ab^f 
cannot  be  settled  yet.  But  no  meteorite  V 
to  have  been  a  member  of  any  meteoric  B*  , 
two  meteorites  have  fallen  during  the 
showers,  one  in  France,  at  the  time  of  tb  *  , 
and  the  other  in  Mexico,  just  before  the  A 

The  structure  of  some  meteorites  is  mor 
from  deep  volcanoes  than  anything  else  fc 
An  old  theory  was  that  they  have  been  e^i^   ' 
explosions  from  the  moon,   planets,  or 
This  theory  would  account  for  some  of  th  »■ 
and  would  explain  why  they  contain  only 
at  least  if  the  other  bodies  of  the  solar  sy  ' 
those  found  on  the  earth;  but  it  does  no' 
fragmentation,  faulting,  and  veins,  for  fi.'_ 
to  produce  ejections  would  scarcely  be  fi  • 
enough  to  produce  at  least  fusion.  -, 

Chamberlin  has  maintained  that  mete^ 
debris  of  bodies,  perhaps  of  planetary 
have  been  broken  up  by  tidal  strains  whe^ 
some  larger  inasa  within  Roche's  limit.     ' 
other  suns,  it  is  probable  that  at  rare  int 
near  each  other  that  their  planets  (if  ti- 
broken  up.     More  rarely,  the  suns  themi^ 
integrated.     Indeed,  this  may  be  the  orii" 
and  meteoric  matter.     Whether  it  is  oj 
a  possibility  of  disintegration  which  i 
account  in  any  theory  of  cosmical  evoluL 

The  present  desiderata  are  more  acou*> 
of  comets'  orbits  to  find  whether  any  ^ 
hyperbolic,  more  accurate  determination 
meteors  to  find  whether  they  ever  come 
parabolic  or  hyperbohc  orbits,  and  finall 
question  whether  meteors  and  meteorite 


I  iiE  Sun'b  Heat 

,A  aie  Sun's  Heat.  —  T'lrx  ^ 
I  in  arc  essential  for  the  e^tis^.^ 

.  ,,,>i.|uently  the  question.  <^-^  ■ 
\v  lung  it  has  been  suppk\^  ^^^^^^ 
,1  vital  interest.  Not  «:»»:^-^ 
uf  because  the  sun  is  "t"^] 
^yritem,  governing  the  tx:^^;^ 
iiig  and  heating  theni  -^^^.^^ 
■  uTiiuse  the  sun  is  a  sta-j^ 
,,l'  millions  in  the  sky  "Vv-"^-^? 
\.i-  studietl  in  detail.  ^* 

I  tiling  to  do  in  studyin.^     ,. 
he  amount  received  trotrx    ^..     * 
.■  which  the  sun  radiates  c^._^ 
iiT'al  pvcn  out  by  the  sun  ^x^-^ 
-    temperature.     Then   nat-x^^^^   ^ 
!■  nriBH  of  t''^  sun's  heat,  J^ 

lire  of  great  importance    i^^  ^^ 
i.r  the  solar  system  and  ttx^^  ' 

Amount  of  radiant   Energy  ^^^ 

-  Light  is  a  wave   j^^^  ^^ 


.««^ 


' -nglhs  vary  from   about  ^ 

■  about  ,6^  uf  an  inch,  j^v  "^?^ 
I'mm  hght  phy«cally  only  i,^  "^^Va 
■>■  circumstance  that  huitijxix  "^^ 
'.-i-s  of  certain  lengths  and  r\r~^  ^^"2 
lorter  is,  of  course,  of  no  irn-*-^        *^ 


■ 

^^^^H 
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^^^^^^^^^^H                                       ^atfK  k'  measuring 
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^^^^^^^^^^^^_                                   .  .dSk-uIty  consists 

^^^^^^^^^^K                                   -^■an  of 

^^^^^^^^^^^^L                               •B.'wvJu  have 

^^^^^^^^^^L                               .jwnts  from  near 

^^^^^^^^^^K                                ..Bcwns,  and  from 

^^^^^^^^^^^^F                                adT-  of   solar 

^^^^^^^^^^C 

^^^^^^^^^F                                                 that  40 

^^^^^^^^^^V 

^H^^^^^^^^ 

^F                                                               -  liMVf  reduced 

^^^/                                                                  1  >y  Lungley 

^^^^                                                             Fowie,  and 

I^^^Q^^^^                                                              energy 

Bh^^^£^ 

^^^^B^b 

^^^^^^^B^                                       ..  mrk,  1.51  horse 

^^^^^^^^L                                 -  ~-!>t«i  the  sun  whose 

^^^^^^^^H                                     a«wier  equals  the 

^^^^^^^m                                ,  4vfc>  is, 

^^^^^m                                  .  Ny«rds.<     Hence 

^^^^^^H                                   .^«d  by         ^hole 

^^^^^^V                                        A400  horse  power. 

^^^^^V                                   *  .^  a*  ^*°^  ^^^^ 

^^^^H                                  1^  CWVluently.  ^eoln- 

■^^rf**'  sun,  1111,1  nar- 
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teularly  in  the  questioD  wbether  or  not  its  rate  of  tMUatkin 

k  constant.     It  has  long  been  supposed  that  probablj,-  the 

B 18  slowly  cooling  off  and  that  the  hght  and  heat  remvpd 

a  it  are  gradually  diminishing,  but  it  was  a  distinri  sur- 

e  when  I^ngiey  and  Abbott  found  that  it^  rate  of  radi- 

1  sometimes  varies  in  a  few  daj-s  by  as  murh  as  10 

T  cent.     If  a  change  of  this  amount  in  the  rate  of  radiation 

f  the  sun  w«^  to  persist  indefinitely,  the  mean  tein|>eralure 

r  the  earth  would  be  changed  about  13°  Fahrenhrit ;  but 

I  variation  of  10  per  cent  for  only  a  few  daj's  has  no  im- 

tortant  effect  on  the  climate.     .Ablwtt,  Fowle,  and  Aldrich 

iBve  continued  the  iovestigation  of  this  question,  and  by 

takiiig  obser\'ationg  simultaneously  in  Algiers,  in  Washing- 

m,  and  in  California,  .so  as  to  ehminate  the  effects  of  local 

Old   transitory  atmospheric   conditions,   they   have   firmly 

iablished  the  reality  of  small  and  rapid  variations  in  the 

n's  rate  of  radiation. 

The  question  of  variation  in  the  amount  of  energy  received 
1  the  sun  can  also  be  considered  in  the  light  of  geological 
I  evidence.  The  fossils  preserved  in  the  rocks  of  all  geological 
8  prove  that  there  has  been  an  unbroken  life  chain  upon 
I  the  earth  for  mtiny  tens  of  millions  of  years.  This  means 
I  that  during  all  this  vast  period  of  time  the  temperature  of 
I  the  earth  has  lieen  neither  so  high  nor  so  low  as  to  <lpstroy 
[  all  life.  Moreover,  the  record  is  clear  that,  in  spite  of  glacial 
I  epochs  and  intervening  wanner  eras,  the  temperature  changes 
I  have  not  been  very  great,  and  there  is  no  evidenuc  of  a  pro- 
[ressive  coohng  of  the  sun. 

212.  Sources  of  the  Energy  used  by  Man.  —  One  of  the 
earliest  extensive  sources  of  energy  for  mechanical  work  used 
'  by  man  was  the  wind.  It  has  turned,  and  still  turnti,  mil- 
lions of  windmills  for  driving  machinery  or  pumping  water. 
Until  the  last  few  decades  it  moved  nearly  all  of  the  ocoon- 
bome  commerce  of  the  whole  world,  and  it  is  stilt  an  impor- 
tant factor  in  shipping.  But  that  part  of  the  energy  of  the 
wind  which  is  used  is  an  insignificant  fraction  of  all  that 


the  physical  question  of  the  sun's  heat.  ' 
the  problem  of  solar  radiation  rays  of  ail  n 
included,  and  together  they  constitute  tin 
emitted  by  the  sun. 

Physicists  have  devised  various  methotl 
the  amount  of  energy  receivetl  from  a   i 
In  applying  them  to  the  problem  of  detcrrrii 
of  energy  received  from  the  sun  the  chief  ■ 
in  making  correct  allowance  for  the  absurj 
heat  by  the  earth's  atmosphere.     The  beel 
obtained  by  making  simuItaneou.s  measure 
sea  level,  from  the  summits  of  lofty  moii 
balloons.     Langley  measured  the  intcn^i 
ation  at  the  top  of  Mount  Whitney,  H.S 
sea,  and  at  its  base.     He  arrived  at  the  • 
per  cent  of  the  rays  striking  the  atmosiihet 
when  it  is  free  from  clouds,  are  absorbed 
the  surface  of  the  earth;   later  investiga'    , 
this  estimate  to  35  per  cent.     The  work  in 
has  been  continued  most  successfully  by  .' 
Aldrich,  and  they  find  that  the  rate  at  wV   _ , 
of  all  wave  lengths  is  received  by  the  ear 
the  outer  surface  of  our  atmosphere  wh'     .^ 
mean  distance  is,  in  terms  of  mecli:iTii' 
power  per  square  yard. 

The  earth  intercepts  a  cylinder  ni  r  r. 
cross  section  is  equal  to  a  circle  \\h<i.- 
diameter  of  the  earth.  The  area  tif  1 1 
l^T^  where  r  equals  3955  X  1760  =  'i  'if 
the  rate  at  which  solar  energy-  i- 
earth  is  in  round  numbers  230. nni 

In  the  evolution  of  life  upon  tlir  ■ 
important  a  factor  as  the  earth  itj^clf. 
gists  and  biologists  have  a  deep  intere 

I  The  maaD  isdiua  of  the  earth  ia  3955 
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.yen  up  again  as  the  son.  put  into 


the  great  sources  of  energy  can  be 

it  is  true  of  the  minor  ones  also. 

'hether  these  sources  of  energy  are 

certainly  continue  to  blow  and 

long  as  the  earth  and  sun  exist  in 

but  the  coal  and  petroleum  will 

They  will  last  several  centuries 

iiui  years.     This  period  seems  long 

■  of  an  individual,  or  perhaps  of  a. 

\y  n  minute  fraction  of  the  time  during 

ira  will  probably  occupy  the  earth.     It 

be  compelled  to  depend  upon  sources 

but  little  utilized.     Perhaps  some  great 

ind  will  discover  a  means  of  putting  to 

lous  quantities  of  energy  which  the  sun 

the  earth.     At  present  we  are  depending 

.1  residue  of  the  energy  which  the  earth 

geolo^cal   times  and   which   has  been 

lerved  in  petroleum  and  coal. 

it   of  Energy  radiated  by  the  Sun.  — 

from  the  sun  subtends  an  angle  of  only 

apparent  area  is  alxiut  -^  the  greatest 

enuB  as  seen  from  the  earth.     A  glance 

that  this  is  Ein  exceedingly  small  part  of 

sphere.     Since  the  little  earth  at  a  dis- 

of  miles  receives  the  enormous  quantity 

211,  it  follows  that  the  amount  which 

sun  must  be  inconceivable.     It  can  be 

range  of  our  understanding  only  by  con- 

of  the  things  it  might  do. 

iated  per  square  yard  from  the  sun's  surface 

to  70,000  horse  power.     This  amount  of  heat 

melt  a  layer  of  ice  2200  feet  thick  every  hour 

of  the  sun ;  and  it  would  melt  a  glolie  of 
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'  exists.     For  example,  if,  in  a  breeze  blowing  at  the 
■  20  miles  an  hour,  all  the  energy  in  the  air  crossing 
100  feet  square  perpendieular  to  its  direction  of  mo^ 
used,  it  would  do  about  560  horse  power  of  work. 
What  is  the  origin  of  the  energy  in  the  wind? 
warms  the  atmosphere  over  the  equatorial  regi<t 
earth  more  than  that  over  the  higher  latitudes 
resulting   convection    currents   constitute  the  i 
sequently,  all  the  energy  in  every  wind  that  blows 
inally  from  the  sun, 

Another  source  of  energy  which  has  been  of  g 
value  is  wat^r  power.     The  source  of  this  energ] 
sun,  because  the  sun's  heat  evaporates  the  wate 
it  into  the  air  a  half  mile  or  more,  the  winds  c 
it  out  over  the  land,  where  it  falls  as  rain  or  a 
descending  again  to  the  ocean  it  may  now  and ; 
over  a  precipice,  where  its  energy  can  be  uti 
Amazing   as   are   the  figures  for  such   great  ] 
Niagara,  they  ^ve  but  a  faint  idea  of  the  e 
aun  has  done  in  raising  water  into  the  sky,  aofl 
great  amount  of  work  the  water  does  in  falling 
earth.     During  a  heavy  rain  an  inch  of  w^ 
An  inch  of  water  on  a  square  mile  weighs  o 
In  the  eastern  half  of  the  United  States,  wbl 
rainfall  is  about  35  inches,  every  year  over  2,^ 
water  fall  on  each  square  mile  from  a  height  (t 
more. 

The  great  modem  source  of  energy  for  mc. 
coal.     The  coal  has  formed  from  vegetabi 
accumulated  in  peat  beds  ages  and  ages  ago. 
the  immediate  source  of  its  energy  is  the  pi 
it  has  developed.     But  the  plants  obtained 
the  sun.     In  millions  of  tiny  cells  the  t 
up  the  carbon  dioxide  which  tbey  inhaleil 
phere;  then  the  oxygen  was  exhaled  av 
stored  up  in  their  tissues.     When  a  plant 
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ice  ae  large  as  the  earlii  hj 
than  one  two-billionth  of  lln 
is  intercepted  by  the  euitli, 
Bmount  by  all  the  plancls  t* 
on  through  the  ether  to  tin  i 
of  186,000  miles  per  seeoriil. 

214.  The  Temperature  of 
172)  thut  !i  black  body  rd.li 
absolute  temperature,  giv<- 
temperature  of  a  body  wli" 
While  the  sun  is  probaliK  ■" 
contemplated  in  the  stHt-'in 
it  radiates  from  layers  iit  ^ 
with  the  upper  layers  absmi. 
from  the  lower,  yet  an  appr-^ 
of  its  radiating  layers  can  In 
ation.  On  using  StefanV  i.i' 
is  found  that  the  temppraim 
sun  is  at  least  10,000°  I'l: 
accurate  to  say  that  an  vU' 
perature  would  have  tin-  - 
and  since  the  sun  is  not  > 
is  probably  still  higher.  ^ 
sand  degrees  higher  than 
efficient  electrical  furnaces, 
to  melt  or  vaporize  any 
the  temperature  of  the 
far  higher. 

Another  method  of  dl 
Bun  is  from  the  proportion 
which  it   rarliates.     A 
relatively  a  large  amount 
blue  light.     A.S  the  tem] 
of  blue  light  increases.     T 
tained  by  this  method  ttf| 
the  sun  arise,  in  the  first 
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t  Bupply  it  with  heat  to  take  the  place  of 

i  radiates  so   lavishly.     With   the   Insight  of 

iholtz  saw  the  nature  of  the  question  and  fore- 

>able  answer.     In  1854,  at  a  celebration  in  com- 

1  of  the  philosopher  Kant,  he  gave  a  solution  of 

1  under  the  assumption  that  the  sun  contracts 

j  way  as  to  remain  always  homogeneous.     With 

Bt  data  regarding  its  rate  of  radiation,  its  volume, 

s  found  by  the  methods  of  Hehnholtz  that, 

b  assumption  that  it  is  homogeneous  and  remains 

s  during  its  shrinking,  a  contraction  of  its  riidius 

t  per  year  would  produce  as  much  heat  as  it  radi- 

Itially.     This  contraction  is  so  small  that  it  could 

letected  from  the  distance  of  the  earth  with  our  most 

I  telescopes  in  less  than  10,000  years. 

1  this  discussion  it  has  been  assumed  that  the  sun 

i,  £uid  the  consequences  of  the  contraction  have  been 

It  remains  to  consider  the  question  whether  under 

Uditions  which  prevail  it  actually  does  contract.     The 

1  it  does  not  at  once  shrink  under  the  mutual  gravita- 

i>  of  its  parts  is  that  its  high  temperature  gives  it  a  great 

bleocy  to  expand.     As  it  radiates  energy  into  space  its 

erature  doubtless  falls  a  little;    the  decrease  in  tem- 

e  permits  it  to  contract  a  little ;  the  contraction  pro- 

I  heat  which   momentarily   restores  the   equilibrium ; 

i  on  in  an  endless  cycle.     This  conclusion  is  certainly 

,  as  Ritter  and  Lane  proved  about  1870,  provided 

\  behaves  as  a  monatomic  gaseous  body.     Moreover, 

Be  established  the  fact,  known  as  Lane's  paradox,  that 

I  long  as  a  purely  gaseous  body  cooh  and  contracts,  its 

tnperature   rises,    because,   with   decreasing   volume   and 

ater   concentration   of   matter,   the   gravitational   forces 

.  withstand  stronger  expansive  tendencies  due  to  high 

mperature.     If,  with  increaj-ing  concentration,  the  laws  of 

3  f^I  because  the  deep  interior  becomes  liquid  or  solid 

lie  temperature  might  no  longer  increase. 
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TW  t|acgtiaa  of  the  TUistioa  in  the  rate  of  radiation  o!  a 
«^ittastiag  stm  wHh  iDcreAsiiig  age  is  an  important  one. 
%^m  Afni  that,  so  k»c  as  the  sun  obeys  the  law  of  gases, 
■K  ■Mpttstare  is  invefsely  as  its  radius.  By  Stefan's  law 
1^  Bi»  <rf  mfiatioD  is  proportioBa]  to  the  fourth  power  of 
Ab  ibafed*  tenpentture.  Consequently  the  rate  of  radi- 
^am^  9tt  iinit  arva,  of  a  contntcting  gaseous  sphere  is  in- 
«^n^  m  t^  fourth  power  of  its  radius.  But  the  whole 
e  is  proportional  to  the  square  of  the  radius. 
t  rate  of  radialiun  of  the  entire  surface  of  a 
sphere  is  inversely  as  the  square  of  ita 
^  XM  IB.  aceorviing  to  this  theory-,  the  earth  received 
^■^  BOn  and  mure  heat  until  the  sun  ceased  to  be 
ig0r  0mt^  if.  indeed,  it  has  yet  reached  that  stage. 
^•^  a^'^  t«diUE  was  twice  as  great  as  it  is  at  present 
M|4b»^Bib  «■»  fwirth  as  much  heat,  and  the  theoretical 
^M»»^A»*«r^  i-'^-  172)  ^^  ^l^ut  200  degrees 


of  the  Sun's  Heat.  —  A  number  of 

m  *o  the  source  of  the  sun's  energy  have 

m$  Uiey  are  all  inadequate.     They  will  be 

ii  order  that  the  reader  may  not  suppose 

it,  and  that  astronomers  have  failed 


that  the  sun  started  hot 

If  it  had  the  very  high  specific  heat 

rete  of  radiation  its  mean  temperature 

aaoually.     On  referring  to  its  present 

Jl^jigB  thai  its  radiation  could  not  continue 

^f^  tfasKsnd  >'ears,  and  that  a  few  thousand 

;^r  •*  iwhation  must  have  been  several  times 

.  .      tVw  results  are  absurd  and  show  the 


,  Etofi.ite  heat  with  something  burning, 
\    •quires  whether  the  heat  of  the  sua 
K«  by  the  combustion  of  the  materia] 
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of  which  it  is  composed.  In  considering  this  hypothesis  the 
first  thing  to  be  noted  is  that  the  same  material  will  bum 
only  once.  It  is  found  from  the  amount  of  heat  produced 
by  coal  that  if  the  sun  were  entirely  made  up  of  the  beat 
anthracite  coal  and  oxygen  in  such  proportion  that  when 
the  combustion  was  completed  there  would  be  no  readue 
of  either,  the  heat  generated  would  supply  the  present  rate 
of  radiation  less  than  1500  years.  If  none  of  the  heat  pro- 
duced by  the  combuation  were  radiated  away,  and  if 
the  specific  heat  of  the  sun  were  unity,  the  temperature'  of 
the  sun  would  rise  to  only  about  one  third  of  its  present 
value.  Consequently  this  theory  is  even  less  satisfactory 
than  the  precetling. 

Shortly  after  the  discovery  of  the  law  of  the  conservation 
of  energy  the  large  amount  of  heat  generated  by  the  impact 
of  meteors  was  established.  The  heat  generated  by  a 
met-eor  striking  into  the  earth's  atmosphere  at  the  average 
rate  of  25  miles  per  second  is  about  100  times  as  great  ae 
would  be  produced  by  its  combustion  if  it  were  oxygen  and 
anthracite  coal.  A  meteor  would  fall  into  the  sun  from 
the  distance  of  the  earth  with  a  velocity  of  about  380  miles 
per  second,  and  since  the  energy  is  proportional  to  the  square 
of  the  velocity,  'he  heat  generated  would  be  about  23,000 
times  that  produced  by  the  combustion  of  an  equal  amount 
of  carbon  and  oxygen.  Lord  Kelvin  suppa'^ed  that  possibly 
enough  meteors  strike  into  the  sun  to  replenish  the  energy 
it  loses  by  radiation. 

A  complete  answer  to  the  met«)ric  theory  of  the  sun's 
heat  is  that  it  requires  an  impossibly  large  t«tal  mass  for 
the  meteors.  They  could  not  possibly  exist  in  sufficient 
numbers  within  the  earth's  orbit;  and,  if  they  came  from 
without,  they  would  strike  the  earth  in  enormously  greater 
numbers  than  are  observed.  In  fact,  computation  shows 
that  if  the  heat  of  the  sun  were  due  to  meteors  coming  into 
it  from  all  directions  and  from  beyond  the  earth's  orbit,  the 
earth  would  receive  -^^  as  much  heat  directly  from  the 
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whom  Lord  Kelvin  was  especially  prominent,  informed  the 
geoiogists  and  biologiBts  in  rather  arbitrary  terms  that  the 
earth  wa-s  not  more  than  25,000,000  years  of  age,  and  that 
all  the  great  aeries  of  changes  with  which  their  sciences 
had  made  them  familiar  must  liave  taken  place  within  this 
time.  But  no  one  science  or  theory  should  be  placed  above 
all  others,  and  other  lines  of  evidence  as  to  the  age  of  the 
earth  are  entitled  to  a  full  hearing.  If  they  should  un- 
mistakably agree  that  the  earth  is  much  more  than  25,000,000 
years  of  age,  the  inevitable  conclusion  would  be  that  the 
contraction  theory  ia  not  the  whole  truth.  This  is  a  matter 
of  the  greatest  importance,  for  not  only  is  it  at  the  founda- 
tion of  the  interpretation  of  geological  and  biological  evolu- 
tion, but  it  bears  vitally  on  the  question  of  the  age  of  the 
Btars  and  on  the  past  and  the  future  of  the  sidereal  universe. 

One  of  the  simplest  methods  employed  by  geologists  for 
determining  the  age  of  the  earth  is  that  of  computing  the 
time  necessary  for  the  oceans  to  acquire  their  sahnity.  The 
rivers  that  flow  into  the  oceans  carry  to  them  various  kinds 
of  salts  in  solution  ;  the  water  that  is  evaporated  from  them 
leaves  these  minerals  behind.  Consequently  the  saUnity  of 
the  oceans  continually  increases.  It  is  clear  that  it  is 
possible  to  compute  the  age  of  the  oceans  from  the  present 
amount  of  salt  in  them  and  the  rate  at  which  it  is  being 
carried  into  them.  Of  course,  it  is  necessary  to  make  some 
a.ssumptions  regarding  the  rate  at  which  salt  was  carried  to 
the  sea  in  earlier  geological  ages.  The  last  factor  is  some- 
what uncertain,  hut  this  method  has  led  to  the  conclusion 
that  the  interval  which  has  elapsed  since  the  oceans  were 
formed  and  salt  began  to  be  carried  down  into  them  is 
more  than  60,000,000  years,  and  that  it  is  probably  from 
90,000,000  to  140,000,000  years. 

Nearly  all  the  rocks  that  are  exposed  on  the  surface  of 
the  earth  are  stratified.  This  means  that,  on  the  whole, 
they  have  been  formed  from  silt  carried  by  the  wind  and 
water  and  deposited  on  the  bottoms  of   lakes   or  oceans. 
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to  a  greater  age  for  the  earth  than  any  other.  Strutt,  in  Eng- 
land, Boltwood^  of  Yale,  and  many  others  have  given  thw 
method  a  large  amount  of  study,  and  have  obtained  figures 
reaching  up  into  several  hundreds  of  milUons  of  years.; 
Boltwood,  especially,  has  found  that  the  geologically  older 
-rocka  show  greater  antiquity  by  this  method  of  determining  . 
their  age,  and  he  reaches  the  conclusion  that  some  of  them 
are  nearly  2,000,000,000  years  old. 

It  is  difHcult  to  reach  a  positive  conclusinn  regarding  the 
age  of  the  earth  from  this  conflicting  evidence, "  "The  geo-. 
logical  methods  point  to  an  age  for  the  earth  since  erosion  • 
began  of  at  least  100,000,000  years,     Geol6gis£s  do  hot  see . 
how  the  facts  in  any  ef  their  lines  of  attackingrthe  problem 
c*n  be  brought  into  harmony  with  the  theory  that.' the -sun.    * 
has  been  furnishing  hght  and  Jieat'to  the,  eart^  fqr  only 
25,000,000  years.     This  discrepancy  between  thfeir ,  figurep  '  .- 
and  those  given  by  the  contraction  theory 'xrtiiinot'be.-ig---' 
nored,  and  therefore  w^&.are  forced  to  the  conclusion  t^iat, ' " 
the  sun  has  oihet  i^pportaht  sources  of  beat,  energy- b^des 
its  contraction/  .Aside'  frbfti  thi^r  the  fa<ft4hat  a"  cpnrtract-'*  * 
'  iiijg  gaseous  mass,  radiates   inveratly   as   the  scpiare  of.  ite"     ' 
'  rAdiui^^Vea-.a  distribution  .-of -the  rp^iatidn  of_  solar  ^net^.- 
ultidgether  at  vartanCe-writh  geological'evidence.;       ',   ■■ 

■.Ai  possible  source  q!  energy  for  th?  sutt  which  hap  not  been 
coiBidered  here  as  yet  is  fhat  liberated  in  fho  degeneratiMi  *  ' 
■  of  radioactive  elements.  .■  It  is  not. pertain  t^at  itmnium  and      ' 
j-sdium  exist  in  the  sun,  but  helium,  ."which  is -one- of  the.   - 
products  of  the  disintegration  of  these  elements,  exists  there 
in  abundance^    in  fact,  it  is  called  hchum  iecauae  it  was 
first  discovered  in  the  sun  (Greek,  fte;)os  =  sun),  and'gives 
presumptive  evidence  of  uranium  and  radium  being  there, 
too.     The  disintegration  of  uranium  and  radium  is  accom- 
panied by  Che  evolution  .of  an  enormous  quantity  of  heat, 
the  energj'  liberated  by  radium  being,  about  260,000  times 
that  produced  by  the  combustion  of  an  equal  weight  of  coal 
aiid  oxygen.     These  results  are  startling,  and  at  first  _it 
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XV.     QUESTIONS 

1.  How  many  horse  power  of  ener^  per  inhabitant  is  received 

by  the  earth  rrom  the  Bun? 

2.  What  is  the  average  amount  of  energy  per  square  yard  re- 
ceived by  the  whole  earth  from  the  sun? 

3.  Doea  the  energy  which  is  manifested  in  the  tides  oome  from 
the  sun?     What  becomes  of  the  energy  in  the  tides? 

4.  What  becomes  of  that  part  of  the  sun's  energy  wbioh  is 
absorbed  by  the  earth's  atmosphere? 

5.  If  the  earth's  atmosphere  absorbs  35  per  cent  of  the  energy 
which  comes  to  it  from  the  sun,  how  can  the  atmosphere  cause  the 
temperature  of  the  earth's  surface  to  be  higher  than  it  would  other- 
wise be? 

6.  Show  from  the  rate  at  which  the  earth  receives  energy  from 
the  sun,  the  size  of  the  sun,  and  the  earth's  distance  from  the  sun, 
that  ^the   sun  radiates   70,000  horse   power   of   energy  per  square 

7.  Taking  the  earth's  mean  temperature  as  60°  F.  and  the  rates 
of  radiation  of  the  earth  (see  question  2)  and  of  the  sun,  compute 
the  temperature  of  the  sun  on  the  basis  of  Stefan's  law. 

8.  All  scientists  agree  that  the  earth  is  more  than  5,000,000 
years  old.  On  the  hypothesis  that  the  contraction  of  the  sun  is  its 
only  source  of  heat,  and  that  during  the  last  5,000,000  years 
it  has  radiated  at  its  present  rate,  what  were  its  radius  and  denaty 
at  the  beginning  of  this  period?  On  the  basis  of  Lane's  law.  what 
was  its  temperature?  On  the  basis  of  Stefan's  law,  what  was  its 
rate  of  radiation  per  unit  area  and  as  a  whole  ?  On  the  basis  of  the 
method  of  Art.  172,  what  was  the  mean  temperature  of  the  earth  ? 

II.  Spectrum  Analysis 

220.  The  Nature  of  Light.  —  In  order  to  comprehend 
the  principles  of  spectrum  analysis  it  is  necessary  to  under- 
stand the  nature  of  light.  A  profound  study  of  the  fun- 
damental properties  of  light  was  begun  by  Newton,  but, 
unfortunately,  some  of  his  basal  conclusions  were  quite 
erroneous.  Thomas  Young  (1773-1829)  laid  the  foundation 
of  the  modem  undulatory  theory  of  light.  That  is,  he 
establishecl  the  fact  that  linht  consists  of  waves  in  an  all-per- 
vading medium  known  as  the  ether,  by  showing  that  when 
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two  aimilar  rays  of  light  meet  they  destroy  each  other  where 
their  phases  an?  different,  and  add  where  their  phases  are 
the  same.  These  phenomena,  which  are  analogous  to  those 
exhibited  by  waves  in  water,  would  not  be  observed  if 
Newton's  idea  were  correct  that  light  consisted  of  minute 
particles  shot  out  from  a  radiating  body. 

Physical  experiments  prove  that  light  waves  in  the  ether 
are  at  right  angles  to  the  line  of  their  propagation,  like  the 
up-and-down  waves  which  travel  along  a  steel  beam  when 
it  is  struck  with  a  hammer,  or  the  torsional  waves  that  are 
transmitted  along  a  solid  clastic  body  when  one  of  its  ends 
is  suddenly  twisted.  In  an  ordinary  beam  of  light  the 
vibrations  are  in  every  direction  perpendicular  to  the  line 
of  propagation.  If  the  vibrations  in  one  direction  are  de^ 
stroked  while  those  at  right  angles  to  it  remain,  the  light 
is  said  to  be  polarized.  Many  substances  have  the  property 
of  polarizing  light  which  passes  through  them.'    . 

The  distance  from  <ine  wave  to  the  next  for  red  hght  is 
about  loTooo  of  ^^  inch,  aild  for  violet  light  about  ^/^pp  of  an 
inch.  There  are  vibrations  both  of  smaller,  and  greater  "wave  ' 
lengths.  The  range  beyond  the  violet '  is  not  very  great) 
for,  even  though  very  short  waves  are  emitted  bj'  a  body," 
they  are  absorbed  and  scattered  by.  the  earth's  atmosphere 
before  reaching  the  observer  ;"-feut  there  is  no  limit  in  the 
other  direction  to  the  lengths  of  rays.  Laiwley  explored  the 
so-called  heat  rays  of  the  Suij  with  his  bolometer  far  be-, 
yond  those  which  are  visible  to  the  human  eye.  The  waves 
used  in  wireless  telegraphy,  which  differ  from  hght  waves 
only  in  their  length,  are  often  hundreds  of  yards  long, 

221.  On  the  Production  of  Light. '—  A  definite  concep- 
tion of  the  way  in  which  matter  emits  radiant  energy  is 
important  for  an  understanding  of  the  principles  of  spec- 
trum analysis,  but,  unfortimately,  the  fundamental  proper- 
ties of  matter  are  involved,  and  physicists  are  not  yet  in  agree- 
ment on  the  subject.  However,  the  theory  that  radiant 
>  Excepting  the  so-oallcd  X-raye,  which  are  much  shortet. 
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e  due  to  accelerated  electrons  is  in  good  standing  and 
f  TOrrect  representation  of  the  principal  facts. 
f  molecules  of  which  substances  are  composed  are 
nves  made  up  of  atoms.  The  atoms  were  generally 
I  to  be  indivisible  until  the  year  1895,  when  the 
i  and  X-rays  prepared  the  way  for  the  recent  dis- 
.  in  radioactivity  and  subatomic  units.  In  con- 
I  with  these  discoveries  it  was  found  that  the  atoms 
iade  up  of  numerous  still  smaller  particles,  called  elec- 
■Ot  corpuscles.  An  atom,  according  to  the  hypothesis 
iltherford,  is  composed  of  a  small  central  nuck-us,  carry- 
l  a  poHitivR  charge  of  ciectricity,  and  one  or  more  r 


FiQ.   137.  -  Model  o! 


•ritdinting  at  left  and  radiating  at  right. 


of  elfectpons  carrying  (or  pf:rhaps  consisting  of)  negative 
■charges  of  electricity,  which  revolve  around  the  positive 
*  nucleus  atgreaf  speed.  Under  ordinary  circumstances  the 
eleflctrons  revolve  in  circular  paths  with  uniform  speed,  all 
those  of;a  given  ring  traveling  in  the  same  circle.  Under 
these  circumstances,  represented  in  the  left  of  Fig.  137, 
the.  atom  is  not  radiating 

.  Wheii  a  botiy  is  highly  heated  the  molecules  and  atoms 
of  which  it  is  composed  arc  in  very  rapid  motion  and  jos- 
tle .against  one  another  with  great  frequency.  These  im- 
pacts disturb  the  motions  of  the  electrons  and  cause  them  to 
-  describe  wavy  paths  in  and  6ut  across  the  circles  in  which 
they   ordinarily   move.     This   condition   is   shown   at   the 
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With  an  increBsing  number  of  corpuscles  the  stability  of  the 
atom  diminishes.  Finally,  the  atom  is  stable  only  if  the 
corpuscles  revolve  in  two  or  more  rings.  The  regions  of 
instabiUty  which  separate  atoms  having  a  certain  number 
of  rings  from  those  having  other  numbers  possibly  give  a 
clue  to  the  celebrated  periodic  law  of  the  chemical  elements 
discovered  by  Mendelf^eff. 

222.  Spectroscopes  and  the  Spectrum.  —  The  energy 
which  a  body  radiates  is  completely  characterized  by  the 
wave  lengths  which  if  includes  and  their  respective  inten- 
sities. The  spectroscope  is  an  instrument  which  enables  us 
to  analyze  Ught  into  its  parts  of  difTerent  wave  lengths,  and 
to  study  each  one  separately. 

There  are  three  principal  types  of  spectroscopes.  In  the 
first  and  oldest  type  the  light  passes  through  one  or  more 
prisms ;  in  the  second,  perfected  by  Rowland  and  Michelsoii, 
the  light  is  reflected  from  a  surface  on  which  are  ruled 
many  parallel  equidistant  lines ;  and  in  the  third,  invented 
by  Michelson,  the  light  passes  through  a  pile  of  equally 
thick  plane  pieces  of  glass  piled  up  like  a  stairway.  The 
first  type  is  most  advantageous  when  the  source  of  light  is 
faint,  like  a  small  star,  comet,  or  nebula.  Its  chief  fault  is 
that  the  scale  of  the  spectrum  ia  not  the  same  in  all  parts. 
The  second  type  is  advantageous  for  bright  sources  of  Ught 
like  the  sun  or  the  electric  arc  in  the  laboratory.  It  gives 
the  same  scale  for  all  parts  of  the  spectrum,  but  uses  only 
a  small  part  of  the  incident  light.  The  third  type,  known 
as  the  echelon,  gives  high  dispersion  without  great  loss  of 
light.  Only  the  first  type,  which  is  most  used  in  astronomy, 
will  be  more  fully  described  here. 

The  basis  of  the  prism  spectroscope  is  the  refraction  and 
the  dispersion  of  light  when  it  passes  through  a  prism.  Let 
L,  Fig.  138,  represent  a  beam  of  white  light  which  pas.'^es 
through  the  prism  P.  Ah  it  enters  at  A  from  a  rarer  to  a 
denser  medium,  it  is  bent  toward  the  perpendicular  to  the 
surface ;  and  as  it  emei^es  at  B  from  a  denser  to  a  rarer 
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t  from  thp  perpendicular  to  the  surface, 
»  duvctioD  of  the  beam  of  light  is  its 

IBB  of  U^l  refracted,  but  it  is  also  spread 

As  it  enters  the  prism  the  violet  light 

I  and  (he  red  the  least,  and  the  same  thing 

Consequently,  instead  of  a  beam 

4M  tbe  screen  5  there  is  found  a  band  of 

most  refracted  to  the  least 

refracted,    are  violet, 

indigo,     blue,     green, 

yellow,    orange,    and 

red.     This  separation 

of  light  into  its  colors 

is  called  dispersion. 

In  the  diagram  only 

the  visible  part  of  the 

_  spectrum  is  indicated. 

«%ktwak  Beyond    the   red   are 

fW.  ^^^mA  w  ^mIl  h^  I'fty  and  beyond  the  violet  are 

t  ■(?*  < -''■     *T*»  colors  are  not  separated  by 

"#  (tom  one  to  another  by  insensi- 

1W  (ihm-vioM  part  of  the  spectrum  is 

^  ^  Im^  m.  tt»  v«hle  part,  and  the  infra-red 
»  *A  kM«  •»  thr  ultra-violet  part. 
■  =s  --.v-ws  exiMMl}'  the  way  in  which  a  spec- 
it  woitKl  be  too  faint  to  be  of  any 
-tAiw  to  i>btain  a  bright  Bpeetrum  the 
. ,   *«  skvtchwi  in  Fig.   139,  though  in 
^'  .V.  MM?  aiUs  the  other,  are  often  em- 

jrr,,,  .vti  pass  ihrotigh  the  screen  at  0  are 

*r^l'  .  .-  ■' .      TVy  strike  the  prism  P  in 

^^^„  ,  veil  color  continue  through  P 

2^  ,^  ufi  (ihc  dispersion  ia  not  indi- 

^k^  ^»    .^    .«^.«"        '■•■^-  '»■■"*  ^  brings  the  rays  to  a 
tenKjlL'^  iw4  UH  ^<^mn«  A'  wuds  all  those  of  each  color 


out  in  a  small  bundle  of  parallel  lines  (only  one  color  is  repre- 
sented in  the  diagram).  The  eye  is  placed  just  to  the  right 
of  E,  and  all  the  parallel  rays  of  each  bundle  are  brought  to 
a  focus  at  a  point  on  the  retina.  In  this  way  many  rays  of 
each  color  are  brought  to  a  focus  at  the  same  place  in  the 
observer's  eye. 

While  strictly  white  light  gives  all  colors,  it  is  not  neces- 
sary that  a  luminous  body  should  emit  all  kinds  of  light,  or 
that  all  colors  emitted  should  be  given  out  in  equal  intensity. 
In  fact,  it  is  well  known  that  if  a  body  is  simply  warm  but 
not  self-luminous,  it  gives  out  in  sensible  quantities  only 


FiQ.    139.  —  A  spectroBCope  having  ooly  one  priam. 


infra-red  rays.  If  it  is  extremely  hot,  it  may  radiate  mostly 
ultra-violet  rays. 

223.  The  First  Law  of  Spectrum  Analysis.  —  The  first 
theoretical  discussion  of  the  principles  of  spectrum  analysis 
which  reached  approximately  correct  conclusions  was  made 
by  Angstrom  in  1853.  The  work  of  Bunsen,  and  especially 
of  Kirchhoff  in  1859,  put  the  subject  on  essentially  its  present 
basis.  The  laws  of  spectrum  analysis  as  formulated  here 
are  consequences  of  a  general  law  due  to  Kirchhoff,  and  of 
certain  experimental  facts.  After  they  have  been  stated, 
they  will  be  seen  to  be  simple  consequences  of  the  mode  of 
production  of  radiant  energy. 

The  first  law  of  spectrum  analysis  ia :  A  radiating  solid, 
liquid,  or  gas  under  high  pressure  gitv^  a  continuous  spectrum 
whose  position  of  maximum  intensity  depends  upon  the  tem- 
peralure  of  the  source;   and  conversely,  if  a  spectrum  is  con- 
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.     -.    r  po^-  under  high 
-.^-  >^r./?«  hiirnsity 

^  '    :-i-  i  .-tidiating  solid, 
*..  -  -:    -     .'  I:*rht,  or  more 
:         .:-r->.   anil,  in  the 
:>  rs.iiation  is  most 
-  -  _-    .  :ho  source.     It  is 
-  --^I'lL^ed  that  the  fii-st 
•   >  :  1  lK)dy  is  in  a  solid 
^^  -TitT  high  pressure,  the 
M     ::oy  continually  inter- 
-^     inMinistances  the  os- 
■ ..    viace  in  their  natural 
•  <>:Me  manners.     This 
:  ■iu'R'fore  th(»  spectra 

■  r.iaximum  radiation 
*  ,-  -. ::  by  Wien's  law^  — 
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II 

I- 
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-.'^  sr.d  T  is  the  absolute 

^....      For  example,  if  the 

,  ■     <  wave  length  of  maxi- 

^   Sjjeccrum  Analysis.  —  Tlie 

^^  >     .1  radiating  gas  under 

.•!  :on,<ists  of  bright  lines 

.:    chose  positions   in  the 

^     .    .;'  tht'  gas  (arid  in  sowe 

,T.  riv'i   ^y^  R<x>d   roaults  for   low 
j^:-  jvHi>  :»".» to  hiKh  toinpcr.i turps. 

..  icniiiu**.  «>f  oour8i».  thrir  rolations 
^^  i  '11  s-lemont  an*  usually  i<Iontifio<l 
^  J  .-vustellation  is  recr>Kin'ard  by  the 


1.  224] 


THE    SUN 


373 
fily,  electrical  \ 


cases  to  some  extcTit  upon  its  temperaluTe,  density,  t 
and  magnetic  condition);  and  conversely,  if  a  spectrum  con- 
sists of  bright  lines,  then  the  source  is  a  radiating  gas  (or 
gases)  under  low  pressure,  and  the  composition  of  the  gas  {or 
gases)  can  be  determined  from  the  relations  of  the  lines  to  one 
another  and  from  their  posiiions  in  the  spectrum. 

When  molticules  are  free  from  all  restraints  the  oscil- 
lations of  their  electrons  take  place  in  fixed  periods  which 
depend  upon  the  internal  forces  involved,  just  as  free  bells 
of  given  structure  vibrate  in  definite  ways  and  give  forth 
sounds  of  definite  pitch.  Consequently,  free  radiating  mole- 
cules emit  light  of  one  or  more  definite  wave  lengths  de- 
pending on  the  structure  of  the  molecules,  and  there  are 


Fio.   140.  —  A  bright-lino  apectrum  ubovo  lUid  a  reversed  spec 


bright  lines  at  corresponding  places  in  the  spectrum  and  no 
light  whatever  at  other  places.  A  bright-line  spectrum  is 
shown  in  the  top  part  of  Fig.  140.  Some  elements  give 
only  a  few  lines  and  others  a  great  many.  For  example, 
sodium  has  but  two  lines,  both  in  the  yellow,  and  iron  more 
than  2000  lines.  It  is  needless  to  say  that  all  these  facts 
are  established  by  laboratory  experiments. 

It  may  be  objected  that  in  a  gas,  even  under  low  pressure, 
the  molecules  are  not  free  from  outside  interference,  for  they 
collide  with  one  another  many  millions  of  times  per  second. 
But  the  intervals  during  which  they  are  in  collision  are  very 
short  compared  with  the  intervals  between  collisions.  Con- 
sequently, while  there  will  be  some  light  of  all  wave  lengths, 
it  will  be  inappreciable  compared  to  that  which  is  character- 
istic of  the  radiating  gas,  and  the  spectrum  will  seem  to  con- 
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^fi^  if  kj^il  lines  of  various  colore  on  a  perfectly  black 

Wk  n*  TUrd  L«r  erf  Spectrum  Anafysis.  —  The  third 
t^w  «f  apertnmi  taalyma  is :  //  /lyU  from  a  solid,  liquid,  or 
^o  widrgnatpmnn  pataes  through  a  cooler  gtu  («r  gaaes), 
j^a  M*  ntmk  i*  a  bnpAl  apettrum  which  is  continuoua  except 
r  it  is  oiwwJ  fry  rforj;  tinM,  and  the  dark  line*  haee  tA« 
i  tMdi  n>*mU  fre  occupied  by  bright  lines  if  the 
I  wafar  fw  tFcre  (Ac  source  o/  /ifiAf;  an<f  con- 
.  tf  <  Ir^U  spectrum  i«  eonJinuoiu  errepi  wftere  U  is 
I  ly  'vi  h»a,  then  the  amtrce  of  light  is  a  solid,  liquid, 
^  fM  HiAr  fnat  pressure,  and  the  light  has  passed  throvgk 
^  flwlv  iiifcrwii'itf  iriu  (or  j^se«J  trAose  constitution  can  be 
jjjBi  winrrf /~im  tA<  relations  of  tht  dark  lines  to  one  anotha- 
,^^f^vm  titeir  positions  in  the  spectrum. 

|u  *  woni.  %  cool  gas  absorbs  the  same  kinds  of  rays  it 
wouKt  f}vv  out  if  it  were  incandescent,  and  no  others.  Sitni- 
tgn^y,  a  luusicdl  instnunent  absorbs  tones  of  the  same  pitch 
5fc»  itKWv  which  it  can  produce.  For  example,  if  the  key  foi 
uuvM^  t'  *^^>  *  piano  is  held  down  and  this  tone  is  produced 
lM^«r  l\v.  ihi*  piano  will  respond  with  the  same  tone;  but  if 
ii  i^  [«\)*luw»l.  the  piano  will  give  no  response.  This  phe- 
MWH-tKUi  (xvure  in  many  branches  of  physics  and  is  very 
ntuiiVtiuit.  Fur  example,  it  is  at  the  ba.sis  of  wireless  teleg- 
l«uh.v.  l^**"  rctviving  instrument  and  the  sending  instru- 
HW>»t  »«'  lumxl  together,  and  only  in  this  way  do  the  effects 
vt  tKc  fw^bk'  w»\-ee  which  reach  to  great  distances  become 
i«>tMtt«Kv  Tlw  fsct  that  the  sending  and  receiving  instru- 
Mtv«t"  \\\\v*%  It'  tuned  the  same  explains  how  it  is  that  many 
\hnVtv»t  wirvlt«s  instruments  can  be  working  at  the  same 
tiutv  Wlttumt  M'iPtible  interference. 

VVhw»  thv  iuterwning  txwier  gas  absorbs  certain  part«  of 
\k»  wwntv  which  losses  through  it,  it  becomes  heated  and 
^to  mW  k4  i'H)liMli«ui  IS  ini'reased.  It  niight  be  supposetl  that 
ikitkUVW  iNtliNtitiii  would  make  up  for  the  energy  which  has 
tliv*K  «WtfUsl      That  which  has  been  absorbed  and  that 
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which  is  radiated  are,  indeed,  exactly  equal,  but  the  radi-  I 
ated  energy  is  sent  out  in  every  direction  and  not  alone  in  1 
the  direction  of  the  original  light  passing  through  the  gas. 
That  is,  certain  parts  of  the  original  energy  are  taken  out  I 
and  scattered  in  everj-  direction.  Therefore,  in  a  spectrum 
crossed  by  dark  lines  the  dark  lines  are  not  absolutely  black, 
but  only  black  relatively  to  the  remainder  of  the  spectrum. 
A  spectrum  of  this  sort  is  called  an  absorption,  or  dark4iTie, 
or  reversed  spectrum.  The  reverse  of  the  bright-line  spec- 
trum given  in  the  top  of  Fig.  140  is  shown  in  the  bottom 
part,  of  the  figure. 

226.  The  Fourth  Law  of  Spectrum  Analysis.  —  The  fourth 
lavr  of  spectrum  analysis  was  first  discovered  by  Doppler 
and  was  experinientally  established  by  Fizeau.  It  is  com- 
monly called  the  Doppler  principle,  or  the  Doppler-Fizeau 
law.  It  is :  //  the  source  (radiating  gas  in  the  case  of  a  spec- 
trum of  bright  lines,  and  an  intervening  cooler  gas  in  case  of 
an  absorption  spectrum)  and  receiver  are  relatively  approach- 
ing toward,  or  receding  from,  each  other,  then  the  lines  of  the 
spectrum  are  displaced  respectively  in  the  direction  of  the 
violet  or  the  red  by  an  amount  which  is  proportional  to  the 
relative  speed  of  approach  or  recession ;  and  conversely,  if  the 
tines  of  a  spectrum  are  displaced  toward  the  violet  or  the  red, 
the  source  and  receiver  are  respectively  approaching  toward, 
or  receding  from,  each  other,  and  the  relative  speed  of  approach 
or  recession  can  be  determined  from  the  ajnounl  of  the  dis- 
placement. 

The  explanation  of  the  shift  of  the  lines  of  the  spectrum 
when  there  is  relative  motion  of  the  source  and  the  re- 
ceiver is  very  simple.  If  the  source  is  stationary,  it  sends 
out  wave  after  wave  separated  by  a  given  interval ;  if  it  is 
moving  toward  the  receiver,  it  follows  up  the  waves  which  it 
emits  and  the  intervals  between  them  are  diminished.  That 
is,  the  wave  lengths  have  become  shorter,  which  is  only  an- 
other way  of  stating  that  the  corresponding  spectral  lines 
have  been  shifted  toward  the  violet.    Of  course,  for  motion 


^',  .^t:;\  w  astronomy  [ch.  xi,  226 

-•      --    I.:  scvxtml  lines  are  shifted  toward 


"*-     »  '- 


r-i  :he  source,  he  receives  not 

:    *vuJ*i    rvach    him   if    he    were 

^^    *a:.:h  he  meets  as  a   conse- 

r!».'    -Jiscances  between  the  waves 

^    -cvrri;  iit»s  an^  shifted  toward 

•    Jv     ccx^re  Llirvoiion  produces  the 

•  >^!..     II  'h\!  <ptvtral  lines  is 


>.' 


.    -ic  >fli::.  A  is  the  wave  length 
V.    -;:i:ivv  vdooity  of  the  source 

•  -    -    •   .;  l-ichr.    Suppose  r  is  18.6 
-^  •,-        s  Iv>.t.KK>miIcs  per  second 

^  '     '   -;v  visihlo  spectrum  is 

•  >.        ^     z.^'  ^iisplaccmont  is  about 
•    '-  t     V  .ci'-is  ot  the  \nsible  spoc- 

>.    '  v-a:::os  with   which   the 
... .-     ■-     >   -r    :ho  spectral  lines  are 
■  •.    r-.x..:>  -.-.lust  he  employed  in 
.  ■: :>  ,-:.      The  usual  method  is 
H-  .iisrant  object  and  at 
— -i^-?   .  K-  <:\vtmscope  beside  it 
.^.  .    .^LVi^  v'r>   source.     The  lines 
-.  >t    u>  V    \'ir  nomial  positions, 
r     -A^  .1     K*  vvK^tial  object  with 
wo.?^ -^.    *■  ■'*■  '^»«'  lud  of  a  mim)- 

w    0:ivr  :ir\^  well  defined,  dis- 
.^..^.^!  «ik  -irvte^ozi  can  be  obtained. 
%>  '.ixs*  relative  velocities 
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.-.u  -^^^^i  xiMtics,  can  be  de- 
>  Siie  :x'r  second. 


.  XI,  227] 


THE    SUN 


377         I 


XVI.    QUESTIONS, 

1.  What  problems  can  be  solved  appronmatelj  for  the  sun  and 

stars  by  the  first  principle  of  spectrum  analysis? 

2.  What  would  be  the  pharanter  of  the  spectrum  of  moonlight  ? 

3.  Comets  have  continuous  bright  spectra  crossed  by  still  brighter 
lines ;  what  interpretation  is  to  be  made  of  these  facts,  remembering 
that  comets  shine  partly  by  reflected  light  ? 

4.  The  spectra  of  Uranus  and  Neptune  contain  dark  hnes  and 
bands  of  great  int«nalty  at  the  positions  of  the  less  intense  hydrogen 
lines  of  the  solar  spectrum ;  what  interpretation  is  to  be  placed  oa 
these  phenomena  ? 

!i.  Can  the  motion  of  the  earth  with  respect  to  the  sun  and  moon 
bo  determined  by  spectroscopic  means  ?  The  motion  of  the  earth 
with  respect  to  the  planets? 

C.  If  an  observer  were  approaching  a  deep  red  star  with  the  veloc- 
ity of  light,  what  color  would  the  star  appear  to  have  ?  If  he  were 
receding  with  the  velocity  of  Ught  ? 

7.  What  effect  would  the  rapid  rotation  of  a  stiu'  liavo  on  its  spec- 
tral lines  7 

8.  Suppose  an  observer  examines  the  spectra  of  the  eastern  and 
western  limbs  of  the  sun ;  how  would  the  spectral  lines  be  related  ? 
Could  they  be  distin^ished  from  lines  due  to  absorption  by  the 
earth's  atmosphere '/ 

III.  The  Constitution  of  the  Sun 

227.  Outline  of  the  Sun's  Constitution.^ — The  apparent 
surface  of  the  sun  is  called  the  photosphere  (hght  sphere). 
It  has  the  appearance  of  being  rather  sharply  defined,  Fig. 
141,  and  it  is  the  boundary  used  to  define  the  size  of  the  sun, 
but  the  sun  is  disturbed  by  such  violent  vertical  motions 
that  it  is  probably  very  broken  in  outline.  At  the  dis- 
tance of  the  sun  from  the  earth  an  object  500  miles  across 
subtends  an  angle  of  only  one  second  of  arc,  and,  therefore, 
irregularities  in  the  photosphere  would  not  be  visible  unless 
they  amounted  to  several  hundred  miles.  The  part  of  the 
sun  interior  to  the  photosphere  is  always  invisible. 

Above  the  photosphere  lies  a  sheet  of  gas,  probably  from 
500  to  1000  miles  thick,  which  is  called  the  reversing  layer 
because,  as  will  be  seen  (Art.  233),  it  produces  a  reversed, 
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in  the  opposite  direction  the  spectral  ILnea  t 
the  red. 

If  the  receiver  moves  toward  the  souroe 
only  the  waves  which  would  reach  ! 
stationary,  but  also  those  which  he  nu 
qiience  of  his  motion.  The  distances  be 
are  diminished  and  the  spectral  lines  ar 
the  violet.  Motion  in  the  opposite  dired 
opposite  results. 

The  formula  for  the  shift  in  the  spectra] 


where  U  is  the  amount  of  the  shift,  X  ia 
of  the  line  in  question,  v  the  relative  velo" 
and  receiver,  and  V  the  velocity  of  light. 
miles  per  second  ;  then,  since  V  is  I86,00C 
and  the  greatest  wave  length  in  the  vii 
nearly  twit^e  that  of  the  shortest,  the  disp] 
iT.ooo  of  the  distance  between  the  ends  ol 
tnun.  It  follows  that  for  the  velocities 
planets  move  the  displacements  of  the  i 
very  small,  and  that  refined  means  must 
order  to  determine  them  accurately.  Thi 
to  photograph  the  spectrum  of  the  dista 
the  same  time  to  send  through  the  sped 
the  light  from  some  suitable  laboratory  b 
of  the  latter  will  of  course  have  their  ] 
The  displacements  of  the  lines  of  the  eel 
respect  to  them  are  measured  with  the 
scope. 

When  the  spectral  lines  of  an  object  are 
placement  results  of  astonishing  precision 
In  the  case  of  stars  of  certain  types  the  ! 
toward  or  from  the  earth,  called  radial  vett 
termined  to  within  one  tenth  of  a  mile  pel 
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below  that  of  the  remainder  of  the  photosphere.  There  are 
other  astronoraera,  however,  who  beheve  that  the  bright  nod- 
ules are  the  summits  of  ascending  convection  currents,  which, 
by  expansion  and  cooling,  are  reduced  to  the  state  where  the 
most  refractory  substances  partially  condense  and  radiate 
most  brilliantly,  while  the  darker  spaces  between  are  where 
the  cooler  currents  descend. 

The  photosphere  is  the  region  from  which  the  sun  loses 
energy  by  radiation.  This  energy  must  be  supplied  from 
the  interior.  There  are  three  processes  by  which  heat  may 
be  transferred  from  one  position  to  another,  viz.,  by  conduc- 
tion, by  convection,  and  by  radiation.  Conduction  is  en- 
tirely too  slow  to  be  quantitatively  adequate  for  bringing 
heat  to  the  surface  of  the  sun.  Convection  currents  might 
be  violent  enough  and  might  reach  deep  enough  to  bring  to 
the  surface  the  requisite  amount  of  heat,  In  order  to  get 
a  quantitative  idea  of  the  requirements  suppose  that  essen- 
tially all  of  the  sun's  radiation  is  from  a  layer  of  the  photo- 
sphere, of  average  density  one  tenth,  500  miles  thick.  Sup- 
pose its  specific  heat  is  unity.  At  the  rate  at  which  the  sun 
radiates,  the  temperature  of  this  layer  would  decrease  one 
degree  Fahrenheit  in  1.6  hours  if  fresh  energy  were  not  sup- 
plied from  below.  Hence  the  requirements  do  not  seem  to 
be  unreasonably  severe. 

In  a  body  as  nearly  opaque  as  the  sun  seems  to  be,  radiation 
probably  is  of  no  importance  in  the  escape  of  heat  from  the 
deep  interior  to  the  surface  layers. 

229.  Sun  Spots.  —  The  most  conspicuous  markings  ever 
seen  on  the  sun  are  relatively  dark  spots  which  occasionally 
appear  in  the  photosphere  and  last  from  a  few  days  up  to 
several  months,  with  an  average  duration  of  a  month  or  two. 
The  typical  spot  consists  of  a  round,  relatively  black  nucleus, 
called  the  umbra,  and  a  surrounding  less  dark  belt  called  the 
penumbra,  Fig.  144.  The  penumbra  is  made  up  of  con- 
verging filaments,  or  "  willow  leaves,"  of  brighter  material, 
which  look  as  though  the  intensely  luminous  photospheric 
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to  Langloy's  estimates,  they  radiate  about  tlj 
the  liKht.  A  small  portion  of  the  sun's  tf 
magaified  is  shown  in  Fig.  143.  j 

The  photosphere  of  the  sun  gives  a  continrt 
Therefore,  according  to  the  first  law  of  spec 
it  is  a  solid,  hquid,  or  gas  under  great  pre.sai] 
photosphere  is  not  transparent  there  is  a  strt 
to  infer  that  it  is  hquid,  or  at  least  consist 
liquid  particles  {carbon,  iron,  calcium,  etc.) 
vapor  of  simi] 
But  the  temp 
8im  is  so  h 
conclusion  is 
In  considei 
must  be  rea 
its  surface  gr 
28  times  thai 
and  that  the  [ 
equal  masses 
is  correspom 
Hence,  it  is  i 
blc  to  aupi 
pressure  iloi 
corona,  chroi 
reversing  layer  is  great  enough  to  product 
spectrum.  The  conclusion  that  the  photoBf 
entirely,  if  not  altogether,  gaseous  is  support 
that  the  cooler,  overlying  revei-sing  layer  i 
contains  some  of  the  most  refractory  knoi 
The  "  rice-grain  "  structure  of  the  photosphc 
by  Abbott  as  being  due  to  relative  moticni 
different  levels  analogous  to  those  which  prOf| 
sky  in  the  earth's  atmosphere.  He  suppoeel 
places  between  the  "  rice^i;i'ains  "  correspond 
where  clouds  form  in  our  own  atmosphere,, 
are  regions  where  the  temperature  has  fa 
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columns  were  tipped  over  so  as  to  make  their  sides  * 
The  umbra  and  penmnbra  do  not  gradually  merge  ml' 
other,  and  likewise  the  penumbra  and  smrounding  • 
sphere  have  a  fairly  definite  line  of  separation. 

The  umbra  of  a  sun  spot  may  be  anywhere  frotr 
50,000  miles  across ;  the  diameter  uf  the  penuml"^ 
as  great  aa  200,000  miles.     When  the  spots  in- 
dimensions  they  can  be  seen  simply  with  the  aid  •  ' 
glass  to  reducf  (he  glare  of  the  sun,     The  Chine 


have  records  of  observations  of  sun  ev 
before  their  discovery  by  Galileo  in   ' '  ■ 

The  umbra  of  a  sun  spot  is  diirk  ■  ■ 
the  glowing  photosphere  which  siui 
light  projected  on  it  appears  bbirk 
showsmany  details  of  darker  spots  :r 
most  often  appear  shortly  befun 
neighborhood  of  spots  the  brighni 
usually  above  the  average,  and  i ' 
their  vicinity  very  bright  elevnti'' 
constitute   the  facula.     These   ( ' 


>l>i)t  divides  into  two  i 
oiii  each  other,  some-  I 

j1  motions,  but  until 
ii^ht  to  be  hardly  char- 
^_in  only  a  small  percentage 
.  spectroheliograph  (Art. 
J  means  of  studying  solar 
■cent  years  to  a  discovery 
m  this  connection, 
stenee  of  magnetic  fields  in 
ne  may  well  wonder  how  such 
jnce  we  receive  only  Ught  and 
dy  it  must  be  done  from  the 
«  energy  which  the  sun  sends  to 
eman  found  that  most  spectral 
^t  widened,  when  observed  along 
a  ^et,  and  that  the  two  components 
in  opposite  directions.  Hale  ex- 
"tpectral  hnes  belonging  to  sun  spots 
,  have  the  properties  of  spectral  lines  in 
riien  he  took  up  the  question  of  the 
r  fields.  It  was  shown  by  Rowland  in 
lii'  charges  in  revolution  produce  elec- 
:>■  ihose  produced  by  electric  currents, 
oncluded  that  the  magnetic  fields  in 
>  vortical  motions  of  particles  carrying 
^,  and  the  explanation  is  almost  cer- 
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'  the  whole  sun  has  been  found  to  be  involved 
field  whose  poles  agree  approximately  with 
Protation;  it  may  be  analogous  to  that  which 
the  earth.  Schuster  has  suggestwl  that  the  mag- 
s  of  the  earth  and  sun  may  be  a  consequence  of 
lions,  and  that  all  rotating  bodies  must  be  magnets, 
discovery  is  a  proof  of  cyclonic   motion   in   the 
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i    :i  im»  bea  MSBteii  i&9  a*  the 
HOeai  wisrt    The  idn  '»  cuaSiated,  at 

b  jjr  ;hB  fact  that,  ^so  hr  as  obseiradooaf 

..  r*vgmi,  when  two  spots  ntv  near  together, 
••*■  ■uf>i**itp  polarity,    .\noiher  ri'markable 


ir  B  llw  northern  hemi- 
.  Whrwl  has  a  counter- 
auw<B  in  the  other  is 
liuB!  are  the  opposite 

|fH>  t^  St  the  lowest. J 
[  «R«st(  from  spots  ] 
B«r  meotly  St.  John, 
p  1^  U7),  has  made  ' 
^mUe  with  the  ad- 
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vantage  of  most  powerful  instnimetitB,  and  he  concludes 
that  at  the  lower  levels  there  is  motion  radially  outward 
from  spot  centers,  at  levels  about  2500  miles  higher  there  is 
no  horizontal  motion,  and  in  the  high  levels  of  the  chromo- 
sphere (10,000  to  15,000  miles)  the  motion  is  inward  toward 
the  centers  of  the  spot^.  This  suggests  that  siwta  are  pro- 
duced by  cooler  gases  from  high  levels  rushing  in  toward  a 
center,  descending  some  thousands  of  miles,  and  then  spread- 
ing out  at  lower  levels,  but  the  consideration  of  the  quality 
and  quantity  of  the  materials  involved  in  the  two  move- 


ments, together  with  their  kinetic  cner^os,  led  St.  John  to 
the  conclusion  that  the  material  flowing  inward  and  down- 
ward by  no  means  equals  that  flowing  outward  at  lower 
levels  from  the  axes  of  spots.  He  beUeves,  rather,  that  a 
spot  is  formed  by  currents  ascending  from  the  sun's  interior 
and  spreading  out  just  above  the  photosphere.  The  in- 
rushing  and  descending  chrom(»spheric  material  is  a  second- 
ary result  of  the  primary  currents.  The  spots  are  dark  be- 
cause the  expanding  gases  of  which  they  are  composed  are 
cooler  than  those  which  constitute  the  photosphere. 

Independent  evidence  of   a  conclusive  character  shows 
that  spots  are  cooler  than  the  ordinary  photosphere.     There 
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Jlocculi  by  Hale,  and  both  bright  and  dark  Socculi  of  hydro-  1 
gen  have  been  photographed.     The  rotation  of  the  sun  has 
been  determined  by  Hale  and  Fox  from  photographs  of 
flocculi. 

Finally,  the  rotation  of  the  sun  has  been  determined  by  ■ 
the  Doppler-Fizeau  effect.  One  limb  of  the  sun  at  the  equa- 
tor approaches  the  earth  at  the  rate  of  1.3  miles  per  second, 
while  the  other  recedes  at  the  same  velocity.  The  spectro- 
scopic method  is  so  highly  developed  that  it  not  only  gives 
the  rate  of  rotation  of  the  sun  approximately,  but  it  showB 
that  the  period  ia  shorter  at  the  equator  than  it  is  in  higher 
latitudes. 

The  results  for  the  periods  of  rotation  of  the  sun  by  the 
various  methods  are  given  in  the  following  table,  in  which 
the  results  are  ^[pressed  in  mean  solar  days : 

Table  X 


L.^. 

Sum  Spots 

p^ 

^^ 

"^TJ 

sr 

Cfto    S- 

25.00 

24.73 

24.76 

25.7 

24.67 

5   to  10 

25.09 

24.79 

24.98 

25.0 

24.86 

10  Ui  15 

25.26 

25.12 

25.17 

24.7 

25.12 

15   to  20 

25.48 

25.33 

25.48 

24.8 

25.44 

20  to  25 

25.75 

25.37 

25.73 

24.5 

25.81 

25   to  30 

26.00 

25.64 

25.77 

24.5 

26.20 

30  to  35 

26.47 

26.47 

26.18 

24.2 

26.67 

■  By  the  Doppler-Fizeau  method  Adams  found  the  periods 
of  rotation  of  the  sun  in  latitudes  45°,  60",  and  74°,  to  be 
respectively  28.1,  31.3,  and  32.2  days. 

The  rea-son  that  the  sun  rotates  in  its  peculiar  manner  is 
not  certainly  known,  though  Elliott  Smith  has  attempted 
to  show  that  the  more  rapid  rotation  of  the  equatorial  zone 
is  an  inevitable  consequence  of  the  contraction  of  a  rotating 
mass  of  gas.  The  question  deserves  further  quantitative 
eicaininatioD. 
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is  evidence  from  the  so-called  enhaiKi 
has  been  brought  out  by  Hale,  Adai 
in  the  spectrum  of  spots  are  related  t( 
of  the  remainder  of  the  sun  just  as  tl 
peratures  in  the  electric  furnace  Af 
high  temperatures;  and  finally,  tin 
tain  Hutings,  or  bands,  wliich  are  IH'' 
sorption  by  chemical  compounds  whl 
into  their  constituent  elements  in  \^f■ 
the  photosphere. 

232.  The  Rotation  of  the  Sun.  — 
that  part  of  the  sun  in  which  the  •p 
from    their   apparent   transits 
systematic  investigation  of  the 
Carrington  and  Spoerer  about  th«. 
century.     They  found  that  the  suU-i 
about  an  axis  incHned  7°  to  the  |tti. 
of  the  ecliptic.     The  sun's  axis  pui 
right  ascension  and  declination  aif 
and  +46°,  which  is  almost   exocUl^ 
and  Polaris.     The  period  of  the  s"'   ^ 
the  latitude.     Spots  near  the  sun' 
lution  in  about  25  days ;  in  latitu 
in  latitude  45°,  in  about  27.5  day 
are  not  seen. 

Reference  has  already  been  ni- 
clouds,  which  are  especially  abn; 
of  sun  spots.  The  positions  ui 
fermined  on  photographs  of  thf 
made  at  sufficientlj'  short  inter\ 
can  be  found.  This  method  hu^. 
those  obtained  from  observaticuir 

The  remarltable  devclopmi 
which   followed  Hale's 
have  furnished  a  third 
the  sun.     By  its  use  bright 
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ta  for  about  14,000  spectral  lines.     A  , 
spectrum  is  showri  in  Fig.  148  with  i 
■jiriaoQ  spectrum  above. 

I  i.f  the  aim  is  continuous  except  for  the  very  1 
lines  which  cross  it.  Therefore,  in  accord- 
iiinl  law  of  spectnmi  analysis,  there  is  be- 
•^phere  and  the  observer  cooler  gas,  and  ita 
'  'C  determined  from  the  relations  among  the 
iiom  their  positions.  The  lines  prove  the 
:inin,  iron,  and  other  heavy  metals  in  this 
:i]i(l  since  they  cannot  remain  in  the  gaseous 
:ilmosphcre  they  innst  hv  in  th;it  of  I  he  .'^un. 


bing  material   which   overlies    the   photosphere 

I  the  reversing  layer. 

irersing  layer  could  be  viewed  not  projected  against 

t  photosphere,  it  would  give  a  spectrum  of  bright 

r  at  the  places  occupied  by  the  dark  liuea  under 

3  they  normally  exist.     At  the  total  eclipse 

it  in  1870,  Young  placed  the  slit  of  his  spectroscope 

J  the  limb  of  the  sun.     Just  as  the  muon  cut  off  the 

!  photosphere  the  spectrum  suddenly  flashed  out 

t  lines  where  an  instant  before  the  dark  ones  had 

;  1895,  during  nearly  every  totd  eclipse  of  the 

"  Rash  spectrum  "  ha.s  been  photographed,    and 

}  doubt  that  the  positions  of  its  Unes  are  identical 

le  of  the  corresponding  dark  Fraunhofer  lines.    From 

Btion  of  their  appearance  as  bright  lines  and  the  known 

t  which  the  moon  apparently  passes  across  the  disk  of 
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TH 

Under  the  hypothesis  that  th. 

in   equilibriiun,    Wilsing,    Samp:-.,,, 

-  *?w  is  500  or 

reacheti  the  conclusion  from  bydn 

that  cylindriea]  layers  of  it  rohr 

-"  i£?  gas  is  to 

According  to  this  view  the  ouNt'i 

:3-  red  end  of 

eludes  oniy  the  equatorial  zon- 

-'rDiioiners  of 

eessdve  cylinders  toward  the  axis  r.  - 

-  led  to  tho 

It  is  supposed  that  this  conditiui, 

^■■'-r,  Pven  at 

primitive  state  and  that  friction 

-  that  of  the 

rotation   to   uniformity.     Wilczyn- 

-■  remarkable 

between  the  different  layers  wouM 

'  atmosphere 

forenees  of  motion  appreciably  in   , 

•un  is  nearly 

But  he  neglected  the  convecUoi.  ' 

•■arth.     Pos- 

tainly  exist  to  great  depths  and  wl,. 

iirht  pressure 

the    supposed    different    rotatii.u 

-■ 

Notwithstanding  these  difficultie-,  ; 

T^  Layer.  — 

is  more  satisfactory  than  that  thi 

11  one  third 

been  inherited   from  more  extrcn, 

sphere,  and 

vailed  in  the  remote  past. 

ereing  layer 

233.    The  Reversing  Layer.  —  :, 

-of  the  lines 

of  light  by  passing  it  through  a  ■-!-, 

rarioua  elc- 

1802  Wollaston  pas.sed  the  lighi 

to  infer  the 

narrow  slit,  instead  of  a  pinhole, 

produces  the 

spectrum  was  crossed  by  7  dark  1 

known  cer- 

subject  was  taken  up  by  Fraunh..; 

'  of  the  lines 

■ifiitificd  as 

the  spectrum  was  crossed  by  an  n 

lines.     In  1815  he  mapped  324  of  il., 

been  known  as  "  Fraunhofer  lines." 
map  of  these  lines  was  made  by  Kin 

,  ^^ ,  WK  than  2000 
..^T^ifc^w  by  more 

another  by  Angstrom  in  1868.     ]. 

..,m7  by  2,  an<I 

the  solar  spectrum  with  the  aid  of 

-<■  elements 

infra-red  region,  and  in  1886,  188(i 

.■iouH  being 

lished  extensive  and  very  accurat*'  • 

.■!k'r  hand, 

of  the  positions  and  characteriatirs 

_;>Tcury.  are 
.■iniadin  the 

fill  grating  spectroscope.     In  ISa^ 

great "  Preliminary  Table  of  Solar  S|,^ 

P 

^■^^^B 

Table 

XI 

^E^^ 

Ebouirr 

Atowc  Wiiobt 

^v^ 

, 

Copper  .     .     . 

Gi 

^^^^^^^^^ 

Zinc  .     .     ,     . 

65 

^p^^^^ 

Qermanium     . 

72 

12 

Strontium  .     . 

88 

^^^^^^^^^^^ 

16 

Yttrium      .     . 

89 

23 

Ziwonium  .     . 

91 

24 

Niobium     .     . 

93 

^^^^^^^^^^ 

27 

Molylideniim  . 

96 

28 

Rhodium     .     . 

\m 

:i9 

107 

^^^^^^^^^^ 

40 

aUver     .     .     . 

1Q8 

44 

Cadmium   .     . 

112 

fci^^^ 

48 

Tin    ...     . 

110 

51 

Barium.     .     . 

137 

r-2 

lAullianum     . 

139 

55 

Cerium  .     .     . 

140 

^^^^^ 

56 

Neodymium    . 

144 

59 

Erbium  .     .     . 

168 

^^^^V^ 

59 

Lead.     .     .     . 

207 

■'  nee  of  the  spectral  line.s  of  an  element  proves 

ir  absence  does  not  show  that  it  is  not  pres- 

it  place,  heavy  elements,  like  Rolil,  mercury, 

la,  would  probably  sink  far  below  the  level  of 

J  layer,  and  consequently  would  give  no  lines  in 

Mitrum.     Then,  again,  the  characteristic  spectra 

\  the  elements,  particularly  non-metals,  are  sup- 

f  Uie  presence  of  some  other  element*,  particularly 

k)mctimes  the  spectrum  of  an  element  is  entirely 

I  by  the  presence  of  a  small  percentage  of  another 

f  This  may  be  the  explanation  of  the  fact  that  the 

T  fluorine,  chlorine,  bromine,  iodine,  sulphur,  eele- 

tturium,  nitrogen,  phosphorus,  arsenic,  antimony, 

1  are  not  found  in  the  aun,  although  most  of  these 

^occur  abundantly  in  the  earth.     Some  elements 

ftra  that  change  radically  with  alterations  in  their 
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the  sun,  it  bas  been  found  that  the  reversing 
600  miles  deep. 

As  a  rule  the  effect  of  pressure  on  an  absorb! 
cause  the  dark  lines  to  shift  slightly  toward  tl 
the  spectrum.     Extensive  studies  by  various  aal 
the  displacements  of  the  Fraunhofer  lines  hai 
conclusion  that  the  pressure  of  the  reversing 
its  lower  levels,  does  not  exceed  5  or  6  times 
earth's  atmosphere  at  sea  level.     This  is  a  vei 
result  in  view  of  the  great  extent  of  the  sun'i 
and  the  fact  that  gravity  at  the  surface  of  the 
28  times  as  great  as  it  is  at  the  surface  of  the 
sibly  electrical  repulsion  from  the  sun  and 
partly  oflset  the  great  surface  gravity  of  the  i 

234.  Chemical  Constitution  of  the  Reversis' 
Of  the  14,000  lines  in  Uowtand'H  spectrum  aboi 
are  due  to  the  absorption  by  the  earth's  atmo 
the  remainder  are  produced  by  the  -sun's  rev- 
and  chromosphere.  By  comparing  the  positi(mf 
of  the  sun's  spectrum  with  those  given  by  the.'^ 
ments  in  laboratory  experiments,  it  is  possibly 
chemical  constitution  of  the  material  which  M 
absorption.  In  this  manner  38  elements  aif^ 
tainly  to  exist  in  the  sun,  but  more  than 
mapped  by  Rowland  have  not  as  yet 
belonging  to  any  element. 

The  presence  of  iron  is  established  by 
line  coincidences,  carbon  by  more  than  200, 
than  75,  magnesium  by  20,  sodium  by  11, 
lead  by  1.  It  will  be  noticed  that  nearly 
in  the  table  which  follows  are  metals,  the 
hydrogen,  helium,  carbon,  and  oxygen.  On 
a  number  of  heavy  metals,  such  as  gold 
missing.  The  following  table  gives  the  elem* 
sun  and  their  atomic  weights : 
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ance  with  the  Doppler-Fizeau  principle,  and  it  seems  very 
improbable  that  they  are  not  real. 

The  spectra  of  eruptive  prominences  show  many  lines, 
especially  in  the  lower  levels.  In  them  the  brii^ht  lines  of 
Hodium,  magnesium,  iron,  and  titanium  are  conspicuous, 
while   those   of   calcium,    chromium,    and    niiinftancsc   arc 


jim^ 


Fio.    150.  —  ChiiiiKUs  ill  a  soliir  [iroiiiinenCT  in  an  inlprvat  of  (r^n  niinutea. 
Photographed  by  Slocum  at  the  Yrrkta  ObscrcaiorU' 

generally  found.  In  the  higher  levels  calcium  is  the  pre- 
dominating element,  a  remarkable  fact  in  view  of  its  atomic 
weight  of  40. 

Prominences  were  formerly  observed  only  when  the  sun 
was?  totally  eclipsed,  for  at  other  times  the  illumination  of 
the  sky  made  them  altogether  invisible.  But  since  the  de- 
velopment of  the  spectroHcope  they  can  be  observed  at  any 
time.     If  the  light  from  the  limb  of  the  sun  is  passed  through 
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If  eruptive  prominenws  should  leave  the  photo&fdiere 
a  velocity  of  more  Ihao  380  miles  per  secxind,  aod  if 
should  Huffer  no  resistance  from  the  reversing  i 
chromosphere,  they  would  escape  entirely  from  t 
pass  out  beyond  the  planets  to  the  distances  of  I 
It  is  very  diflicult  to  account  for  their  great  velo 
satisfactory  theory  has  been  developed  for  ex] 
Buch  violent  explosive  forces  are  long  held  in  r 


then  suddenly  released.     Perhaps  under  the 
tions  of  temperature  and  pressure  prevailing  in 
of  the  sun,  all  elements,  like  radium  under  terw*"^ 
ditions,  explode  because  of  their  subatomic  enetgii 
has  maintained  that  the  prominences  may  be 
appearances  due  to  unusual  refraction,  and  that  M 
actual  eruptions  from  the  sun  as  they  seem  to  be. 
velocities  are  determined  both  from  their  molit 
dicular  to  the  line  of  sight  when  they  are  seen  rn 
limb,  and  also  from  spectra)  line  displacementC- 
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the  spectroscope,  the  coDtinuous  illumuiation  of  the  a 
atmosphere  is  spread  out  and  correspoiidingiy  enfec 
on  the  other  hand,  the  light  from  the  prominences  oo 
of  single  colors  and  is  not  diminished  in  intensity  by  pf 
through  the  spectroscope.  Consequently,  if  the  di^ 
is  sufficient,  the  atmospheric  illumination  is  reduoi 
the  prominences  liecorae  visible. 

Not  all  the  prominences  are  eruptive.  Besid 
which  burst  out  suddenly,  rising  to  great  heights 
disappearing  or  subsiding  again,  there  are  othei 
quiescent  prominences,  which  spread  out,  like  the 
banyan  trees,  with  here  and  there  a  stem  reachinj 
They  often  develop  far  above  the  surface  of  the  sun, 
apparent  connecfions  with  it,  and  seem  to  be  due  to 
which  for  some  mysterious  reason  suddenly  become 
They  rest  quifetly  at  great  altitudes,  somewhat  like  t« 
clouds,  often  for  many  days,  notwithstanding  t 
gravity.  They  are  mode  up  of  hydrogen,  helil 
calcium. 

237.  The  Spectroheliograph.  —  The  photospha 
ates  a  continuous  spectmm,  while  above  it  is  the  r 
layer  which  produces  the  dark  absorption  lines.  Sol 
lines,  as  the  K-hne  due  to  calcium,  are  broad  becaui 
great  extent  of  the  absorbing  layer.  Now,  calcium 
dant  in  the  prominences,  and,  moreover,  it  shines 
intensity  greater  than  that  of  the  reversing  layer, 
suit  is  that  the  reversing  layer  makes  a  broad,  dark; 
the  A'-line,  and  above  it  is  more  luminous  calcium  il 
state  which  produces  a  narrow  bright  line  in  the  l 
the  dark  one.     The  line  is  said  to  be  "  doubly  rev^ 

The  spectroheliograph  is  an  instrument  invented  i 
fected  by  Hale  in   1891  for  the  purpose  of  photog 
the  sun  with  the  light  from  a  single  element.     The 
which  it  depends  were  almost  simultaneously  develop* 
applied  by  Deslandres.     In  this  instmment,  or  rathei 
bination  of  instruments,  the  sunlight  is  passed  th^ 
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light  coming  from  all  depths,  particularly  from  the  hig> 
layers  where  absorption  is  unimportant.  On  the  otV 
haml,  tile  marginal  parts  of  the  linn  will  W  due  1 


comiiig  from  the  lower  levels  where  the  gaa  is  denser, 
lowing  out  these  principles,  and  using  a  very  narrow 
Hale  first  obtained  photographs  of  different  levels  ( 
Bolar  atmosphere. 
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explanation  of  magnetic  storms  on  the 
fthe  sun  induces  changes  in  the  earth's  mag- 
out  electromagnetic  waves.    Lord  Kel- 
qection  that  if  the  sun  were  sending  out  these 
direction,  it  would  give  out  as  much  energy 
ordinary  electric  storm  as  it  radiates  in  light 


\ 


* 
f 


res  of  magnetic  stonns,  prominences,  faculae,  and  sun  spots 
from  1882  to  1904. 


months.  A  recent  exhaustive  discussion  of  the 
Maunder  to  the  conclusion  that  the  source  of 
nagnetic  storms  is  in  the  sun,  that  the  magnetic 
are  confined  to  restricted  areas  on  the  sun,  and 
ifluences  are  propagated  out  from  the  sun  in 
rotate  with  the  sun ;  that  when  these  cones  of 
burbances  strike  the  earth,  magnetic  storms  are 
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239.  The  Eleven- Year-Oycle.— It  lifts  bcf-n 
sun  spots  vary  in  frequency  and  (JiatribilH'^i 
surface  in  a  period  averaging  a  little  mori 
There  are  a  number  of  other  pheiiOBKit* 
changes  in  the  same  period.  ^ 

The  facula;  are  most  numerous  in  ^^^'  _^ 
although  Ihey  occur  all  over  the  sun.     Hi 
and  the  positions  of  the  zones  where  ih^"  ■ 
vary  periodieally  with  the  sun-spot  pvru   ^^ 
to  be  expected,  for  the  sun  spots  anil  tl"    _^ 
phot osph eric  phenomena.  ^ 

The  eruptive  prominences  are  TrtKin'*       ^ 
belts,  and  vary  in  position  with  thcni.     '^^. 
also  shows  periodic  variations  in  tljoir  ■ 
cent  prominences,  on  the  other  hunil. 
regions. 

The  coronal  types  clearly  vary  Ei.    ^^^ 
as  was  explained  in  the  preceding  -^  ^ 

total  solar  radiation  varies  lo  somt: ' 
though  this  has  not  been  verifiiid 
lime  is  now  ripe  for  the  l 

The  spectra  of  sun  spots  Ti 
but  the  Praunhofer  lines  arft. 

The   great  vibrations  wb!df 
sun  extend  to  the  earth  antS' 
system.     It  has  long  been 
and  vertical  eomponenta  fii 
the    sun-spot    period, 
("storms")  are  most 
are  most  numerous. 
at  the  epochs  of  great 
storms  and  aurorte  0( 
activity  in  the  sun  in 
bat  there  are   frequci 
Bfieompanying  tern 
these  phenomena  i: 


^K.    Tile    mun 
^  *as  i&at  then   ^ 
„»  tr  ntu  is  not 
_  ■ariitir   i|itirri.    ^ 
^.ttbes  of  mag- 

s  awtmal  raj-s, 
^^  tn  (firections 

J  X  a  Ettle  too 
(^  a«9e  streams 
p^^-  forces  and 
aivi^  corpuscles 
r-  uc  phenomena 
%.  %  *t«e  not  yet 
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nice  of  the  Doctrine  of  Evolution.  —  The 
■m  whii^h  scienct'  rests  is  tht?  orderliDcss 
'*Tha,t  it  is  not  a  chaos  has  been  confirmed 
amount  of  experience,  and  the  principle 
'  universally  accepted.  Thia  prin(;ii.le 
a  fundamental  respect  by  the  doctrine  of 


the  fundamental  principle  of  science  the 

'orderly  yesterday,  is  orderly  to-day,  and  will 

■hiorrow ;  according  to  the  doctrine  of  evolu- 

ir  of  yesterday  changed  into  that  of  to-day  in 

anil  lawful  manner,  and  the  order  of  to-day 

n  ttrer  into  that  of  to-morrow  continuously  and  sys- 

-''■'     That  is,  the  universe  is  not  only  systematic 

111  space,  hut  also  in  time.     The  real  essence  of 

!.■   nf  ovoJution  is  that  it  maintains  the  orderliness 

■  unwise  in  time  as  well  as  in  space. 

iliition  may  bd  from  the  simple  and  relatively  unorgan- 

1'  the  complex  and  highly  oi^antzt^l,  or  it  may  be  in 

'posite  direction,     fn  fact,  evolution  generally  involves 

.  (1  types  of  changes.     For  example,  the  minerals  of  the 

III  the  elements  of  the  atmtraphere  sometimes  combine 

ruduce  a  tree  having  foUage,  flowers,  and  fruit.     But 

I'l'  grows,  at  least  partly,  on  the  disintegrating  products 

KT  trees  or  plants,  and  in  its  own  trunk  the  processes 

ay  are  active.    Or.  to  take  a  less  conunonplace  examnle, 

the  ftdvaQcement  of  civilization  men  have  become 

407 
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induced,  and  that  these  magnetic  storms  have  inti: 
though  unitnown,  relations  with  sun  spots.  The 
important  contribution  of  this  investigatiou  was  that  Um 
is  much  observalional  evidence  to  show  thut  the  sun  i»  r 
to  be  regarded  as  surrounded  by  a  po!arize<l  magnetic  sj)iu 
but  that  there  are  definite  and  intense  stream  lines  of  nfl 
netic  influence,  probably  connected  with  the  coronal  t^ 
reaching  out  principally  from  the  spot  zones  in  diret'u 
which  are  not  necessarily  exactly  radial.  It  is  a  litUf^ 
early  to  formulate  a  precise  theory  as  to  whether  these  stt' 
are  electrified  particles  driven  off  by  magnetic  forces  M 
hght  pressure,  or  whether  they  involve  the  minute  ooip"*« 
of  which  atoms  are  c(3mposed,  or  whether  they  are  phenm*- 
of  matter  ami  energy  of  a  character  and  in  a  state  lli" 
recognized  by  science. 

XVII.    QUESTIONS 

1.  Theapparent  diameter  of  the  aun  as  B<*n  from  the  earth  r 
32' ;  what  are  the  apparent  thicknesses  of  the  corona,  chroiiio> 
and  reversing  layer? 

2.  The  sun's  disk  is  considerably  brighter  at  its  center  th; 
its  mai^n  (Fig.  141) ;  can  this  phenomenon  be  explained  by 
sorption  of  hght  by  the  reversing  layer?  By  small  solid  or 
particles  somewhere  above  the  photosphere? 

3.  If  the  smallest  spot  that  can  be  seen  subtends  an  ani;^ 
what  is  the  diameter  of  the  smallest  sun  spot  that  can  be  aeei 
through  a  smoked  glass? 

4.  Id  what  direction  do  sun  spots  appear  to  cross  the  si 
as  a  consequence  of  its  rotation? 

5.  Why  cannot  the  corona  be  observed  with  the  aid  of  I 
troscope  at  any  time,  just  as  the  prominences  are  observed. 
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more  sensitive  to  discords  and  more  and  • 
appreciating  certain  types  of  harmony. 
certainly  a  corresponding  improvement  in 
their  nervous  system.     On  the  other  hand, 
ation  in  the  quality  of  their  teeth  and  htf 
in  the  two  directions  are  both  examples  < 

As  knowledge  increases  it  is  found  that  ■ 
tinually  changing.  Individuals  change,  in 
languages  change,  and  even  the  "  oternal 
up  and  washed  away  by  the  elements  in 
logical  lime.  Moreover,  all  these  change 
perfectly  orderly.  The  doctrine  of  evolul  >■ 
is  so  fundamentally  sensible  and  is  conlii 
experience  that  scientists,  the  world  ovfii' , 
solute  confidence.  There  have  been,  uj 
will  continue  to  be,  differences  of  opini> 
the  precise  processes  of  certain  particvi- 
have  been,  but  there  is  no  disagreement 
the  fundamental  principles. 

241.   The  Value  of  a  Theory  of  Evoli 
tance  of  a  general  principle  is  proportl 
of  known  facts  it  correlates.     This  is  a 
with   special   applications   in   science.       -'' 
evolution  is  concerned   largely   wilh 
the  data  established   by  expericdcr, 
attempt  al  their  correlation.     Mnni. 
examined  in  a  critical  spirit,  so  llni 
or  misconceptions  regarding  their  i 
revealed.     Therefore,  an  attempt   i" 
evolution  la  of  value  because  it  Icinl-  i 
ing  of  the  material  upon  which  it  i-  i 
A  theory  of  evolution  invari)l)>l^ 
of  facts  in  addition  to  those  upon  s\  i 
way  it  stimulates  and  directs  inviM 
ity  of  the  investigations  which  si  i 
the  purpose  of  proving  or  disproviii, 
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|,"  I'vili II illation 
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Tiii'^e  theoriea 
if  tlioir  authors 
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..^niiij  activity 
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,  iiri.  England,  tkv^J 
,  ,  ,1  the  solar  ay^^  — ^ 
-l:y.     The  chief     ^^^ 

.1   save  a   straieKt.^^ 

liition.     Its  chief    i^^^^"^ 

,ff,  philosopher  K^."^^~j 

.   turned  his  hriUij^;^^ 

:.  lus  o(  cosmogotx^_^^^ 

iiid  in  1755  ^R    -j^     *< 

But  the  world    ^^^^ 

I  evolution,  becavx^        ^ 

..i  Kant  hiid  any-     i,^^ 

:^istronoraer  and  ma^t^v 
■ntwl "  Nebular  Hypofj^.^^  -^ 
ii  name  of  its  author,    ^  ^^^ 
.!■  understood.     More(:i-_      ^^^t^ 
,.■  world  hmi  acquired  ^ 
MLore  receptive  of  new    s      ^^^ 
■,    of  Laplace  soon  aV>-(_   ^^^ 
ifific   men.     It   made      s^^^ 
i  .ecauae  it  furnished  t>^ 
rory  of  the  earth,     t-j. 
or  an  originally  hot  ^^ 

1  on  cooling.     It  cncck^-^^ 
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,,henomena  by  geologi^^^*>r^ 
(,f  the  nineteenth  cent\ '^^     ^ 
I,,  idea  that  the  earth  V\     *""^^i*-. 
I  ructive  cataclysms,  and  art^^^V 
1.  reone  a  continuous  series  of^^^^v 

rate.  *     fe-^^^ 
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f  evolution  to  the  biolr,   - 
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"  Contemplated  as  one  grand  whole,  astronomy  is 
beautiful  monument  ot  the  human  mind,  the  noblest* 

of  its  intelligence." 

In  view  of  these  considerations  it  is  evident  that  the  '" 
tion  of  the  solar  system  is  a  subject  to  which  the  astrr-'  ■ 
naturally  gives  serious  attention.  The  foremost  auth"' 
of  the  present  time  have  treated  the  question  in  !#(« 
in  essays,  and  in  books.  When  new  discoveries  ar^ 
their  bearings  on  evolutionary  theories  are  at  once  exam 
Astronomers  are  rapidly  approaching  the  point  of  view  i' 
biologists,  who  interpret  ail  of  their  phenomena  in  twn. 
evolutionarj'  doctrines.  Yet  scarcely  a  generation  ago 
astronomers  regarded  the  consideration  of  the  evoli 
the  solar  sj-stem  as  a  dangerous  speculation. 

242.  Outline  of  the  Growth  of  the  Doctrine  of 
—  Every  great  discovery  doubtless  has  been  the  culmit- 
of  a  long  period  of  preliminary  work,  and  before  finiU  si 
has  been  attained  generally  many  mpn  have  npproxi. 
to  the  truth.  So  it  has  been  with  the  doctrine  of  evoi 
The  ancient  Greeks  developed  theories  that  everythin 
evolved  from  fire,  or  from  air  and  water.  These  tl 
contained  the  germ  of  the  idea  of  evolution,  buftheir 
had  not  laid  securely  enough  the  foundations  of  sciti 
enable  them  to  treat  successfully  the  developmeni 
universe.  After  the  decline  of  their  intellectual 
the  subject  of  evolution  was  not  considered  sei 
many  centuries. 

In  the  eighteenth  century  geologists  were  gro] 
satisfactory  theory  regarthng  the  succession  of 
forms  whose  fossils  were  found  in  the  rocks.  They 
have  concluded  on  the  whole  that  the  earth  had  bet 
ject  to  a  number  of  great  cataclysms  in  which  all  li 
destroyed.  They  supposed  that  following  each  destruj 
Ufe  there  had  been  a  now  creation  in  which  higher 
produced.  The  prevalence  of  such  ideas  as  these  al 
what  difficulty  the  doctrine  of  evolution  was  devi 
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-  :  i.-ii-rrically,  suppose  there  are 
::.  :  :i  do  not  diflfer  from  the 
.    .::.re  than  18°,  and  whose 

..::.    vs  that  of  the  earth.     Since 

..  :    .  anything  from  0°  to  180°, 

■  -V  on  0°  and  18°  is -jV-     The 

..    Thits  of  two  iKxlies  would 

1.1 :  the  prol)ability  that   the 

.;:.  -  is  only  (iV)^;  <^r  unity 

■      v'lors.    This  probalnlity  is 

■  ^.M".ii'Iusion  that  the  arrange- 

-  ..-.r  >ystem  is  not  accidental. 
;st    ^:  this  line  of  reasoning. 

.  '.>'  sun  in  an  orbit  of  any 

■    more  than  800  j^liinets 

•  ovrentricities  less  than 

-.went rici ties  less  than 

-  ..-i  eccentricity  greater 

-  ".rjlv  that   some  svs- 
.    »       ■•  has  produced  plan- 

■  \\^i\\  the  positions  (tf 

>  v^:  the  orbits  of  the 

-.  "..:■  system,  in  all  its 

■•■s.^riant  external  dis- 
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them  from  its  surface  in  an  electrified  condition,  and  a  very 
small  percentage  of  the  ejected  particles  may  strike  the 
planets,  but  it  is  very  impmbable  that  the  proeess  has  had 
important  effects  on  the  distribution  of  mass  in  the  solar 
system,  even  in  the  enormous  intervals  of  time  required  for 
its  evolution. 

The  mass  of  the  earth  is  slowly  increasing  by  the  meteoria^ 
material  which  it  sweeps  up  in  its  journey  around  the  sun. 
It  is  not  unreasonable  to  suppose  that  the  other  planets, 
and  jjossibly  the  sun,  are  growing  similarly.  This  growth, 
at  least  in  the  case  of  the  earth,  is  too  slow  at  present  to  ' 

have  a  very  important  bearing  on  the  evolution  of  the 
whole  system.  But  if  the  meteors  are  permanent  members 
of  the  solar  system,  the  more  they  are  swept  up  by  the  ^ 

planets  the  more  uifrcquent  they  become  and  the  smaller  the  ; 

number  a  planet  encounters  in  a  day.  Consequently,  the 
acquisition  of  meteoric  material  by  collision  may  once  have  \\ 

been   a   much  more  important  factor  in  the  evolution  of  i 

the  planets  than  it  is  at  the  present  time.     In  fact,  so  far  I 

as  general  considerations  go,  appreciable  fractions  of  the 
masses  of  the  planets  may  have  been  obtained  from  meteoric 
material.  But  it  is  improbable  that  the  great  sun  has 
grown  sensibly  in  this  way,  | 

It  follows  from  this  discussion  that  probably  the  remote 
antecetlent  of  the  solar  system  consisted  of  an  overwhelm- 
ing central  mass  and  a  very  small  quantity  of  matter  dis- 
tributed somewhat  irregularly  out  from  it  to  an  enormous  j. 
distance.  At  any  rate,  if  this  were  not  the  original  distribu- 
tion of  matter,  the  conditions  must  have  been  such  that  the 
central  condensation  resulted  in  harmony  with  the  laws 
of  dynamics.  The  ever-increasing  distances  between  the 
planets  is  shown  in  Figs.  96  and  97.  The  relatively  small 
masses  of  the  planets  and  their  enormous  distances  from  one 
another  are  among  the  moat  remarkable  facta  that  neetl  to 
be  taken  into  accoimt  when  con^dering  their  ori^n  and 
evolution. 
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little  to  the  final  results  that  it  is  not  important  what  law  of 
density  is  used  for  them. 


BODT 

M^ 

Mo»E»T  or 

Sun 

Mercury 

Venua  ....... 

Earth 

Mars 

Jupiter 

Saturn      

Uranua 

Neptune 

0.9986590 
0.0000001 
0.0000025 
O.OO0O03O 
0.0000003 
0.0009558 
0.0002852 
0.0000430 
O.OOOMll 

0.027423 
0.000017 
0,000576 
0.000827 
0.0O0112 
0.599273 
0.241924 
0.05-2845 
0.077003 

Total 

1,0000000 

l.OOOOOO 

It  is  seen  from  this  tabic  that  although  the  mass  of  the  sun 
is  700  times  as  great  as  that  of  all  the  planets  combined, 
its  moment  of  momentum  is  only  a  little  over  r^  that  of  the 
planets.  Or,  considering  the  material  interior  to  the  orbit 
of  Saturn,  it  is  found  that  while  Jupiter  contains  only  ^ 
of  one  per  cent,  or  riftnn  "^  ^^^  entire  mass,  it  possesses 
more  than  95  per  cent  of  the  moment  of  momentum. 

One  at  once  inquires  whether  the  distribution  of  moment 
of  momentum  is  now  being  changed.  The  mutual  attrac- 
tions of  the  planets  produce  some  changes  in  the  distribu- 
tion of  moment  of  momentum,  but  they  are  of  no  importance 
whatever  in  connection  with  the  problem  under  consideration. 
The  tides  which  a  planet  generates  in  the  sun  reduce  the 
moment  of  momentum  of  the  sun  and  increase  that  of  the 
planet.  But  here  again  the  results  are  inappreciable  even 
for  thousands  of  millions  of  years.  The  earth  encounters 
meteoric  matter  in  its  revolution  around  the  aun,  and  it  is 
probable  that  the  other  planets  are  subject  to  similar  dis- 
turbances. The  result  of  the  resistance  by  meteors  is  to 
reduce  the  moment  of  momentum  of  the  planets.  At  prea- 
2a 
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An  addiUonal  fact  which  must  be  noted  is  that  t 
lestrial  planets  contain  the  heaviest  known  substances 
sun  also  cont^ns  heavy  elements  {Art.   234),   thou 
spectral  lines  of  the  very  heaviest  iiave  not  been 
The  constitution  of  the  large  planets  is  not  so  well     * 
though  it  may  be  inferred  from  their  low  densities  ai""^ 
erate  temperatures  that  they  contain  largely  only  t^ 
elements.     Any  hypothesis  as  to  the  origin  of  the 
in  order  to  be  satisfactory,  must  make  provision        ' 
distribution  of  the  elements.  ( 

246.  Distribution  of  Moment  of  Momentum. '  i. 
tempting  to  go  back  to  the  ori^n  of  the  solar  sys'  ■ 
natural  to  consider  its  mass  and  distribution  of  maa 
matter  is  indestructible.  For  a  similar  reason,  the  ^ 
tion  of  the  moment  of  momentum  of  the  system  a  •■ 
various  members  is  of  fundamental  importance.  ■« 
if  the  solar  system  has  undergone  its  evolution  ■ 
exterior  disturbances,  its  total  moment  of 
now  exactly  equal  to  what  it  was  at  the 
every  stage  of  its  development. 

As  has  been  stated,  the  small  mutual  inchnata&' 
orbits  of  the  planets  and  the  small  eccentricitie 
orbits  both  prove  that  the  solar  system  has  bet 
to  no  important  exterior  influences  since  the  plo 
formed.     Hence  any  hypothetical  antecedent  of 
must  be  assigned  the  quantity  of  moment  of 
now  possesses.     Although  this  fact  is  perfectly 
overlooked  by  Kant  and  was  not  given  ndequaj 
ation  by  Laplace  and  his  followers. 

In  Table  XII  the  mass  and  moment  of 
given  for  the  sun  and  each  of  the  eight  planets  ii 
that  the  sums  are  unity.  The  moment  of  raomi 
sun  depends  upon  its  law  of  density.  In  the  co 
was  assumed  that  the  mass  is  concentrated  U 
tenor  according  to  a  law  of  increase  of  densii 
by  Laplace.     The  rotations  of  the  planets 
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ent  the  effects  of  meteors  on  the  motion  of  vl 
inappreciable,  but  it  is  not  certain  that  they  irf 
important.  However,  whether  or  not  they  hai 
of  importance,  they  cannot  relieve  the  inequi 
table,  for  they  are  decreasing  the  moment  of  in 
the  planets,  which  are  still  relatively  verj'  laij 
there  have  l>een  no  known  influences  at  work" 
have  sensibly  modified  the  distribution  of  thd 
momentum  of  the  system  since  the  sun  and  J 
been  separate  bodies. 

It  remains  to  inquire  whether  the  sun  and  p 
once  have  been  parts  of  one  mass  with  a  ( 
moment  of  momentum  quite  diiferenl  from  I 
present.  Since  the  planets  are  not  receding  f 
the  only  possibility  is  that  the  sun  and  the] 
formerly  so  expanded  that  the  material  of  i 
e{im])o.se(l  was    more  or  less  interminElel. 

According  to  the  contriiction  theory  of  tlie  hefl 
the  sun's  dimensions  were  formerly  greater  th 
at  present.  Indeed,  the  sun  has  been  suppoi 
once  filled  all  the  space  now  occupied  by  the  pi 
lowed  backward  in  time,  the  sun  is  found  to  b 
larger,  rotating  more  and  more  slowly  because 
of  momentum  remained  constant  during  confa 
more  and  more  nearly  spherical  because  a  ro 
becomes  more  oblate  with  contraction.  It  folic 
table  that  if  the  planets  which  are  interior  tO  . 
added  to  the  sun  they  would  not  have  an  impi 
on  its  moment  of  momentum. 

Now  suppose  the  sun  was  once  expanded  out 
.if  Jupiter;  its  radius  was  more  than  1000  tim*^ 
radius,  its  volume  was  more  than  1000*  =  I 
times  its  present  volume,  and  its  density  was 
ingly  less.  Even  if  it  was  not  condensed  towaw 
the  density  at  its  periphery  was  then  less  than  u 
of  that  of  the  earth's  atmosphere  at  sea  level.    It 


» /»-■ 


uoiK'  upon  it,  in  virtueof  the  relati 
of  its  parts,  by  the  forces  to  which  it  is  subject.    .1 
a  body  100  feet  above  the  surface  of  the  earth  i 
the  attraction  of  the  earth.     The  earth  would  i^ 
amount  of  work  upon  the  body  in  causing  it  to^ 
altitude  of  100  feet  to  its  surface.     This  woil^ 
potential  energy  of  the  body  in  its  original  |ir 
the  case  of  the  translations  of  the  planets,  as  hafl^ 
the  sum  of  their  kinetic  and  potential  energies 
But  if  the  Sim  or  a  planet  contracts,  the  potenJaT-* 
its  expanded  condition  is  transformed  into  heai^ 
which  is  at  least  partly  lost  by  radiation.     In  X 
total  energy  of  the  system  decreases,  and  the  dim 
be  large  in  amoimt. 

There  is  certainly  a  large  amount  of  subatoir^-  _ 
uranium,  radium,  and  probably  in  all  other  elemf 
case  of  the  radioactive  substances  this  energy  is 
formed  into  heat,  which  is  dissipated  by  radial 
been  suggested  (Art.  219),  the  subatomic  ener 
Uberated  in  great  quantities  under  the  extren* 
of  pressure  and  temperature  which  prevail  in    * 
of  the  Sim. 
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which  all  revolved  in  elliptical  orbits  about  the  f  - 
in  the  same  general  direction.     This  organieatioi' 
satisfies   the   data  of  the   problem.     Moreover 
nebula;  [Art.  302]  offer  numerous  examples  of  n'" 
Is  appaiently  in  this  state. 

According   to   the   planetesimal  bypothesis,   '• 
Run  developed  from  the  central  parent  mass  "•■ 
Aome  outlying  parts  which  fell  in  upon  it  becan- 
emall  motions  of  translation.     The  revolving  8c«>  < 
rial  contained  nuclei  of  various  dimensions  n> 
motions  about   the  central  sun,   swept   up  tlu 
scattered  material  and  gradually  grew  into  pl> 
masses  depend  upon  the  original  masses  of  th* 
the  amount  of  matter  in  the  regions  through 
passed.     The  angles  between  the  planes  of  thi 
gradually  reduced  by  the  collisions,  and  at  th. 
the  eccentric  orbits  became  more  nearly  circu. 
process  of  growth  the  planetary  nuclei  acquired  i 
rotatioHs, 

248.  Examples  of  Planetesimal  Organize 
planetoids  afford  a  trace  of  the  former  planeti 
tion  of  the  solar  system.  The  iiverage  inclina 
average  eccentricity  of  their  orliits  are  consid< 
than  the  corresponding  quantities  for  the  pla: 
region  which  they  occupy  had  been  swept  by  ■■ 
nucleus,  they  would  have  comljined  with  it  in  a  p' 
ing  approximately  the  mean  position  of  the  p! 
orbits  and  having  a  small  eccentricity  (Art.  2.' 

Another  example  of  planetesimal  organi^^ 
nished  by  the  particles  of  which  the  rings  m 
composed.  One  might  at  first  thought  concilia 
would  have  formed  one  ormorcsateUites  if  domi 
had  been  revolving  around  the  planet  in  thi 
they  occupy.  But  they  are  very  close  to  Saturn 
lite  revolving  at  their  distance  would  be  subject 
of  the  tides  produced  by  the  planet.     Ah  has 
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h  to  greater  distances  in  these  directions.     Besides  this, 
r  the  ejected  material  had  once  left  the  sun,  its  distance 
Virould  be  increased  still  further  by  the  attraction  of  S'. 
I  Consequently,  if  S'  were  not  moving  along  its  orbit,  the 
V  ejections  toward  and  from  it  would  be  to  more  remote  dis- 
Itances  than  they  would  be  in  any  other  direction.     In  fact, 
k  those  toward  S'  might  even  strike  it.     But  S'  would  be  mov- 
Bing  along  in  its  orbit,  and,  in  a  short  time,  it  would  have 
I  a  component  of  attraction  at  right  angles  to  the  original 
I  direction  of  motion  of  the  ejected  matter.     Consequently, 
I  by  the  time  S'  had  arrived  at  Sj',  the  paths  of  the  ejected 
I  masses  would  be  curved  somewhat  hke  those  shown  in  Fig. 
1  156.     It  is  easy  to  see  that,  for  the  mass  ejected  toward  S', 
I  the  curvature  is  in  the  right  direction ;   a  discussion  based 
on  the  resolution  of  the  forces  involved  (Art.  153)  proves 
that,  for  the  mass  ejected  in  the  other  direction,  the  indicated 
curvature  is  also  correct.     Eventually  .S'  would  move  on  in 
its  orbit  so  far  that  it  would  no  longer  have  sensible  attrac- 
tion for  the  ejected  masses,  and  they  would  be  left  revolving 
around  S  in  elliptical  orbits.     If  the  initial  speed  of  the 
ejected  material  were  very  great,  it  might  leave  S  never  to 
return. 

The  critical  question  is  whether  matter  would  be  ejected 
far  enough  to  produce  the  large  orbits  required  by  the 
theory.  In  order  to  throw  light  on  this  question  the  follow- 
ing table  has  been  computed,  giving  the  surface  velocities 
necessary  to  cause  undisturbed  ejected  matter  to  recede 
various  distances  from  the  surface  of  the  sun. 

The  most  lemarkable  thing  shown  in  the  table  is  that  after 
a  velocity  is  reached  sufficient  to  cause  the  ejected  matter 
to  recede  a  few  millions  of  miles,  a  small  change  in  the  initial 
speed  produces  radically  different  final  results.  Since  prom- 
inences now  ascend  to  a  height  of  half  a  million  of'  miles 
without  the  disturbing  infiuenoe  of  a  visiting  sun,  it  is  seen 
that  the  numerical  requirements  of  the  hypothesis  are  not 
excessive.     Moreover,    numerous    actual    computations    of 
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^^L^Now  consider  the  location  of  all  of  the  ejected  material 
^^^u  a  given  time  after  S'  haa  passed  its  nearest  point  to  S. 
^^^P  it  has  been  sent  out  from  S  continuously,  it  will  lie  along 
^^Hko  continuous  curves,  represented  by  the  full  lines  in  Fig, 

:^- 

■    •^.■^  ' 

^H   Flu,    159.  — Tho  RTcut  spiral  nebuiii  in  Chdeb  Vcrintici    IM.  51)-  fihowiiJH 

^B-15S.     These  are  the  arms  of  the  spiral  nebula  whose  indi- 
^H  vidual  particles  move  across  them  in  the  dotted  lines.     The 
^M  diagram  shows  an  ideal  simple  case,  and  Fig.  159  an  actual 
^B  photograph.     But  if  the  approach  of  S' were  close,  or  if  there 
^M  were  a  partial  collision,  and  if  the  ejected  material  should  go 
^m   beyond  S',  a  very  compUcated  structure  would  result.     The 

1                         ^            d 
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All  the  factors  involverl  are  well  establiKhed  —  the  only  ques- 
tion is  that  of  their  quantitative  efficiency.  Here  some 
doubts  remain.  It  follows  from  the  number  of  stars,  the 
&pace  they  occupy,  and  their  motions  that,  if  they  were  mov- 
ing at  random,  an  indi\'idual  sun  would  pass  near  some  other 
one,  on  the  average,  only  once  in  many  thousands  of  millionB 
of  years.  Perhaps  the  mutual  gravitation  of  the  stars  is 
important  out  on  the  borders  of  the  great  clusters  of  suns 
of  which  the  Milky  Way  is  composed,  where  it  may  reason- 
ably be  supposed  that  their  relative  velocities  are  small, 
and  it  may  be  that  in  these  regions  close  approaches  are  for 
this  reason  much  more  frequent.  But  in  any  case  the  demands 
of  time  are  very  formidable.  Besides  this,  many  of  the  spiral 
nebulsB  are  of  such  enormous  dimensions  that  it  is  difficult 
to  suppose  they  have  been  produced  by  the  encounter  or 
near  approach  of  ordinary  suns.  It  may  be  stated,  however, 
that,  in  the  first  place,  there  is  no  positive  knowledge  what- 
ever respecting  the  masses  of  spiral  ncbuls ;  and  that,  in 
the  second  place,  near  approaches  are  not  confined  to  single 
stars,  but  may  involve  multiple  stars,  clusters,  and  systems 
of  stars.  The  observed  spirals  may  be  simply  the  larger 
examples  originating  from  several  or  many  suns. 

It  should  be  remembered  that,  whatever  doubts  may 
remain  resjK-fting  the  validity  of  this  or  any  other  hypothesis, 
the  spiral  nebulae  certainly  exist  in  great  numbers,  and  they 
apparently  have,  on  an  enormous  scale,  an  organization 
similar  to  that  which  we  have  inferred  must  have  been  the 
antecedent  of  the  solar  system.  And  it  may  be  stated  again 
that  the  planctesimal  hj'pothesis  rests  primarily  upon  the 
evidence  now  furnished  by  the  solar  system,  and  that  it  does 
not  stand  or  fall  with  any  theory  respecting  spiral  nebuls. 

250.  The  Origin  of  Planets,  —  According  to  the  planet- 
esiinal  hypothesis,  the  parent  of  the  solar  system  con- 
sisted of  a  central  sun  surrounded  by  a  vast  swarm  of  plan- 
etesimals  which  moved  approximately  in  the"  same  plane 
in   essentially   independent   elliptic   orbits.     Among  these 
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cwrrp  nuclei,  or  local  centers  of  condens8- 
r  ffTolutions,  swept  up  the  smaller  planet- 
r  into  planets.     It  is  not  to  be  understood 
tt^mmai  —t  ki  were  solid  or  even  fontinuous  masses. 
■ikanc pnbabk  th»t  in  their  early  stages  they  were 
^^ tmaik  ■uases  hanag  about  the  same  motion 
k  k»  tk»  ccotrmi  sun,  and  that,  under  their  mutual 
i,  they  gradually  condensed  into  con- 
bdnd,  the  condensation  may  have  been 
**•  «Akt  an^  lia%T  been  de|JeJident  to  an  important 
*  ^W*  lk»  UH|»rt»  of  other  planetesimals. 
m^KM»tl«iiitpo^bl>e  lo  determine  the  probable  masses 
m  ^^tifml  run^n.     If  they  were  less  than  that  of  the 
b  a*  proMNt,  tltoy  could  not  have  retained  any  atmos- 
R».  VMH  thar  sravitAtiiT  control.     But  as  the  nuclei 
.  ^mt  sumtw  grariues  increased,   and   a  time   came 
^:tm  '^hut^k  have  bi«come  the  lai^er  planets  possessed 
^^  ij**i*»Uv*  poorer  to  prevent  the  escape  of  atmos- 
■  <^    TV  acquisition  of  atmospheres  was  then 
--Miji^  in  the  fii^t  place,  the  materials  grinding 
i  umief  the  weight   of  accumulating 
U  squwie  out  the  lighter  elements;    in 
kh»  pulvmiing  and  heating  effects  of  the 
»  wubi  liberate  gasej^;   and,  in  the  third 
1  pUtiete  in  their  courses  around  the  sun 
k  ^   JUWtly   P"^^   numbers   of  atmospheric 
lai  of  the  atmospheres  of  the  planets 
r  gnmth  depended  primarily  on  their 

K-  M  ailei  -iwcpt  up  the  planetesiraals  must 
Hus  conclusion  follows  from  the 
I  -he  largest  planet  were  scat- 
!.■  teaching  halfway  to  the  ad- 
i.iiietesinmls  wouki  be  very  far 
!,,[  the  orbits  of  only  a  fraction 
.  iio  intersect  the  orbit  of  the 
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nucleus.  It  must  be  remembered  that  the  orbits  of  the  planets 
esimala  were  continually  changed  by  their  mutual  attractions 
and  especially  by  the  attractions  of  the  nuclei.  Moreover, 
the  orbits  of  the  nuclei  were  continually  altered  by  collisions 
with  the  planetesiiuals  and  by  their  perturbations  of  one 
another.  Consequently,  if  the  orbits  of  the  nuclei  and  cer- 
tain planetesimals  did  not  originally  intersect,  they  Qiight 
very  well  have  done  so  later.  But  it  does  not  follow  that 
they  have  all  been  swept  up  yet,  or,  indeed,  that  they  all 
ever  will  be  swept  up.  Possibly  some  of  the  meteors  which 
the  earth  now  encounters  are  the  straggling  remains  of  the 
original  planetesimals. 

If  the  planetesiraal  theory  is  correct,  the  earth  is  very  old 
and  the  sun  must  have  important  sources  of  enei^  besides 
its  contraction.  Most  of  the  geological  processes  did  not 
begin  until  it  became  large  enough  to  retain  water  and  an 
atmosphere.  These  same  conditions  were  necessary  for  even 
the  beginnings  of  the  development  of  life,  which  may  have 
had  a  continuou-i  existence  from  the  time  the  earth  was  half 
its  present  size. 

261.  The  Planes  of  the  Planetary  Orbits.  —  If  the  planet- 
e^imal  hypothesis  is  true,  it  must  explain  the  important 
features  of  the  solar  system.  The  most  striking  thing  about 
the  motions  of  the  planets  is  that  they  all  go  around  the  sun 
in  the  same  direction,  and  the  mutual  inclinations  of  the 
planes  of  their  orbits  are  small.  However,  some  deviations 
exist,  and  in  general  they  are  greatest  in  case  of  the  small 
masses  like  Mercury  and  the  planetoids. 

It  is  assumed  that  the  planetesimals  all  revolved  around 
the  sun  in  the  same  direction.  This  would  certainly  have 
been  true  if  they  originated  by  the  close  approach  of  two 
suns,  as  explained  in  Art.  249.  But  the  planes  of  their  orbits 
would  not  be  exactly  coincident.  The  plane  of  motion  of 
an  ejected  particle  would  depend  upon  its  direction  of 
ejection  and  the  forces  to  which  it  was  subject.  The  ejec- 
tions would  be  nearly  toward  or  directly  away  from  the  visit- 
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plaoetesimals  there  were  nuclei,  or  local  centers  « 

tion,  which,  in  their  revolutions,  swept  up  the  smi 

ceimals  and  grew  into  planets.     It  is  not  to  be 

that  the  original  nuclei  were  solid  or  even  contim 

It  is  much  more  probable  that  in  their  early  stai 

swarms  of  smaller  masses  having  about  the 

with  respect  to  the  central  sun,  and  that,  undc 

attractions  and  collisions,  they  graduallj-  condt 

tinuous  bodies.     Indeed,  the  condensation  i 

very  slow  and  may  have  been  dependent  t'  "i  -nail 

extent  upon  the  impacts  of  other  planetesitn  "     ■,  'bat 

It  seems  to  be  impossible  to  determine  thf  li^  iiu-i-s. 

of  the  original  nuclei.     If  they  were  less  in  (iniMein 

moon  at  present,  they  eould  not  have  ret;  i  "  nrljits. 

pheres  under  their  gravitative  control.     T  iiii  it  will 

grew,  their  surface  gravities  increased,  i'i..\  ^'f  r-allt-d 

when  those  which  have  become  the  largt"  ,i     '!  inw  is  u 

sufRcient  gravitative  power  to  prevent  t'  ;il:iiv  treated 

pheric  particles.     The  acquisition  of  al' 
inevitable  because,  in  the  first  place,  tb 
together  and   settling  under  the  wei^ 
planotesimals  would  squeeze  out  the  ' 
the  second  place,  the  pulverizing  and 
impacts  of  meteors  would  liberate  gof- 
place,  the  growing  planets  in  their  a. 
would   sweep  up   directly  great   nui' 
molecules.     The  extent  of  the  atmi 
at  all  stages  of  their  growth  depi ' 
surface  gravities. 

The  rate  at  which  the  nuclei  swep' 
have  been  excessively  slow.  This  <-■' 
fact  that  it  all  the  matter  in  the 
tcred  around  the  sun  in  a  zone  r(-  ^^ts  Ortits-  —  The 

jacent  planets,  the  resulting  plain  _  i  *^^j^i^  s  consider- 
apart,  and  also  from  the  fact  that  i"  --"^^^^^cportcd  by  the 
of  them  would  at  any  one  timf  ^      j^  j^ietoids  varj- 


_  liiiE  body  will 

Vii^  originally 

,  ,  \nt  would  con- 

,.  ,;ime  would  be 

J  >  also  an  aver- 

^  trhich  moved 

^^  Mtd  that  grew 

,^^  nioat  nearly 

i.r  that  BO  far 

.  ;-e  concerned 

_      -:,»iinal  theorj- 

_,  published    bj- 


-•1^  THE    SOLAR  SYSTEM     435 


' "»  supported  by  the 
'■ire  aasumed  to 

!  Musing  it.     The 

lilanetary  orbits 

.inetesimals. 

I    iiaal,  the  impact  on 

'  'ton.     If  the  nucleus 

'  iii.'y  act  like  a  resisting 

■  r~  in  general  diminished, 

lO  years  ago.     But  many 

"ciir   between   bodies  all 

n<\  thesun.     Collisions  will 

:  iveen  bodies  whose  orbits 

'luiicnsions;   if  the  orbits  of 

.1  .^izL',  eolhsion  between  them  is 

-  are  very  elongated.     It  is  a  re- 

■H  that  if  two  bodies  are  moving  in 

-liape,  but  differently  placed,  and 

,  Ihe  eccentricity  of  the  orbit  of 

■  smaller  than  the  common  eccen- 

'  ■  s(;parate  parts.' 

jiU'Vis  M  and  a  plsDCtpaimfli  m  ore mo\-ing in 
i~  an.)  epcentridty  are  lU  and  et.  Let  their 
lit  TL-ding  colliaJDn  be  Vi  aod  n>,  and  their  combined 
IP  1'.  Thp  kinetic  energy  of  the  two  bodies  at  the 
vin  is  HMV,*  +  msi').  Their  kinetic  energy  aTter 
n:  I  v.  The  utter  will  bo  amnller  than  the  former 
'"■ill  hove  been  transformed  into  heat  by  the  impact  of 

Ipatial  mcchanicB  in  the  problem  of  two  bodies  that  in 
,  the   inequality   becomea 


I 


□f  the  combined 
— .   when™  a  <  i 


;  masa.     It  tollowa  from  thlt 
That  it.  under  the  eir~ 


if  the  probUm  a  collision  always  reduccB  the  magor  aemi-Biia  of 
r  principle  established  iu  celestial  mechanics  is  that  the  moment 


'olation        ""^W"" 
**"»  very  Tf  ""■''.' 

"""""r  "!,*!"■  """"'f 

(lie  most  '""' 

are  /,,    „    ^*A  tl 
5«2.  The  s 
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Of  course,  if  two  orbits  were  of  exactly  the  > 
periods  of  tin-  bmlies  would  be  the  same  and  CaV 
result  eithei  ;it  tlic  first  revolution  or  only  after 
attractions  liad  modified  their  tnotion^.  Bu(  ' 
of  nearly  the  same  size,  the  conditions  for  oollisr" 
favorable,  and  in  nearly  all  cases  the  ecceatrif*'' 
reduced.  —^ 

It  follows  from  this  discussion  that,  in  gencr^  ^a 
between  planetesiraals  cause  the  eccentricities  M^^m 
to  decrease.     Consequently,  the  more  a  nuclf»-^ 
sweeping  up  planetesimala,  the  more  nearly  circuhkw^ 
its  orbit  will  be.     If  a  nut^leus  revolves  in  a  I'l'  p  ^ 
planetesima  Is,  the  result  is  likely  to  be  a  large  pi-~^ 
orbit  has  small  eccentricity.     These  conclusion* 
cisely  with  what  is  found  in  the  solar  system,  for  • 
all  the  lai^i'  planets  are  nearly  circular,  while  n 
some  of  the  smaller  planets  and  many  of  the  pi 
considerably  eccentric. 

263.  The  Rotation  of  the  Sun.  —  If  the  cent 
the  planetesimal  system  rotates  in  the  direction  u: 
of  the  outlying  parts,  the  final  result  will  be  a  ^ 
in  the  direction  of  revolution  of  its  planets. 
planetesimal  organization  is  the  result  of  the  cl<  ■ 
of  two  suns,  the  central  mass  might  originallj 
rotating  in  any  direction.  In  this  case  the  fii 
is  not  quite  so  obvious. 

The  only  planetesimals  which  could  sensibl\ 
rotation  of  the  central  mass  are  those  which  fal! 
it.     If  the  planetesimals  originated  by  the  clo? 

of  momentum  is  constant  whpthrr  there  are  eol Unions  or  tio' 

tricity.     The  condition   that  the  moment  of   momentum   \'- 
ahall  equal  that  after  collision  is,  therefore. 

)   =  (M+m)  V^T^^).   or 
-  Vad-o'l. 
Since  a.  >  a,  it  foUowB  that  Vd -f.'XVl -e',  and  therefore 
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swarm  of  plaiietesimals.  For  simplicity,  suppoBe 
is  a  circle  C  aroimd  the  sun  as  a  center  (if  this  aef 
were  not  made,  the  discussion  would  not  be  essential 
fied).  The  planetesimals  which  can  encounter  A'' an 
nto  three  classes :  (a)  those  whose  aphelion  pt 
inside  the  circle  C ;  (6)  those  whose  perihelion  pt 
inside  C  imd  whose  aphelion  point's  are  outside  df 
(c)  those  whose 
lion  points  are  O 
C.  Tliey  are  (fc 
bv  (<i)  (6)  aoi 
spoctnch  in  P» 
(  Lnsider  coU 
tlu  planetesni 
Hss  1 1)  with 
cleus  V  A 
can  occur  onlv 
pluK  tcsimal  1-- 
iplidion  pomt 
n  ar     this     p 

n   ri    pill  ttCUnal    1 

"^  '     sluwir    than 
(hu-i 

Hence  the  nucleus  will  o^  ert  ik{  t!     plinrtcsmii 
collision  will  be  a  blow  bickw  ir  1  <  ii  t!i    ir  ner 
nucleus.     That  is,  planotLsirn  iK  « i    1       [a)  tend  t 
nucleus  a  forward  rotation 

Planetesimals  of  class  {b)  can    hik    11  <  nuclei 
tend  to  give  it  a  rotation  in  eithei    In     turn   or  '; 
have  any  effect  on  its  rotation      If  tl    \    ii    not 
in  some  special  way,  the  collcLtn*   usult     f  the 
many  of  them  will  be  verj  small 

■  Let   V  nnd  t  rcpreacnt    tl  loo  t      ot  tl  I     s  an  I 

respectively,  and  A  and  a  tl       b         jxpa  of    1l     r     rl   t         I 
celestial  mechnnics  that  V  =  air'  v  nei  o 

the  same  in  the  two  equuLions,  it  foUom  that  V'>i''. 


Fio.  161.  — Devolopmi 
rotation  of  a  phioet  ii 
tiuu  of  plauetcsimiilB. 


mal  theory,  the  satellites  developed  either  fr( 
secondary  nuclei  which  were  associated  with  tl 
planetary  nuclei  from  the  beginning,  or  from  nei 
secondary  nuclei  which  became  entangled  at  a  late 
the  outlying  parts  of  the  swarms  of  planetesimals  ( 
ing  the  nuclei.  If  the  satellites  originated  in  the  for 
their  directions  of  revolution  would  be  the  same  at 
rotation  of  their  respective  primaries;  if  in  the  laj 
they  might  revolve  originally  in  any  directions  aroi 
primaries. 

With  the  exception  of  the  eighth  and  ninth  sal 
Jupiter  and  the  ninth  satellite  of  Saturn  (and  pofl 
satellites  of  Uranus  and  Neptune),  all  the  known 
revolve  in  the  directions  in  which  their  primarit 
This  seems  to  indicate  that  at  least  most  of  the 
originated  from  secondarj'  nuclei  which  were  associi 
their  respective  priniarj'  nuclei  from  the  beginning 
took  of  their  common  motion  of  rotation,  Thft 
nuclei,  like  the  planetary  nuclei,  swept  up  the  plaa 
and  grew  in  mass.  The  craters  on  the  moon  n 
b?en  produced  by  the  impact  of  planetesimals. 

With  the  growth  in  mass  of  a  planet  its  attraclai 
Biitellites  increases  and  this  results  in  a  reductjo 
diraenstous  of  their  orbits.     Suppose  the  most  remi 
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for  this  reason,  and  it  is  not  impossible  that 
aleo  once  had  ring  sj-etpras. 

267.   The  Planetoids.  —  The  planetoids  occui^ 
which  there  was  no  predominating  nucleus.   They  J 
have  not  grown  so  much  relatively  as  the  planet^ 
accretion  of  planetesimats.     Hence  the  ranges  in 
tricities  and  inchnations  of  their  orbits  fove  a  bet 
of  the  character  of  the  orbits  of  the  original  planet 

Besides  the  known  planetoids,  there  are  probab^ 
sands  of  others  which  are  so  small  that  they  have 
seen.     There  may   be  others  also   between   the  i 
Jupiter  and  Saturn  and  l>eyond  the  orbit  of  Satfl 
those  vast  distances  none  but  large  lx>dies  would  be 
both  because  they  would  not  be  strongly  illi 
the  sun  and  also  because  they  would  always  be  vo^ 
from  the  earth.     The  planetoid  Eros  has  escaped 
with  Mars  only  because  of  the  inclination  of  its  oHl 
is  not  unreasonable  to  suppose  that  there  are  manjj 
planetesimals  iM'tween  the  orbits  of  the  earth  and, 
which  arc  too  .small  to  be  visible. 

258.   The  Zodiacal  Light.  —  It  is  universally  agreai 
the  zodiacal  hght  is  due  to  a  great  swarm  of  small  | 
or  particles,  revolving  around  the  sun  near  the  plane 
earth's  orbit.     These  small  hudics  are  in  reality  plao 
U.  i  mals  which  have  not  been  swejjt  up  l)y  the  ])lanets 

;i    ;  because  of  the   high   inclination  of  their  orliits,  or 

|(  t  probably  l>ecause  their  orbits  arc  so  nearly  circular  tha 

Sl   I  do  not  cross  the  orbits  of  any  of  the  planets. 
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gives  indisputable  evidences   (Art.  219>' 
radiated  more  energy  than  could  have 
known  source.     The  existence  of  hi 
stars  blazing  in  full  glory  also 
lifetime  of  a  ami  is  very  long,  for  it 
pose  tiiat.  if  thpy  endured  only  a  com] 
so  many  of  them  would  now  have  such 
view  of  these  uncertainties  it  is  not  safe 
bmit  on  the  future  duration  of  the  sun,- 
its  final  extinction  may  l)e. 

If  the  sun  coois  off  before  something  dl 
they  will  revolvr  around  it  cold,  lifeless, 
it  pursues  ita  journey  through  the  traokli 
If  the  radiation  of  the  sun  does  not  sUiA^^ 
earth,  and  possibly  some  of  the  other  plai^ 
to  be  suited  for  I  lie  abode  of  life  until  ., 
way  destroyed.     Whether  or  not  the  sun  ^ 
planets  will  be  broken  into  fragments  wh 
sufficiently  near  another  star.     Their  ren> 
dispersed  among  the  revolving  masses  of  4    ~ 
system,  to  become  in  time  parts  of  new 
the  meteorites  which  now  strike  the  earth 
of  having  once  been  in  the  interior  of  n  " 
dimensions,  and  Chamberlin  has  suggest  ^ 
be  the  remains  of  a  family  of  planets  a) 
To  such  dizzy  heights  are  we  led  in  sober  -^^ 

The  question  of  the  purpose  of  all  the  ■  ■^ 
the  universe  is  one  which  ever  arises  in 
With  sublime  egotism  men  have  usually  ai  ^ 
thing  was  created  for  their  pleasure  and  ■ . 
was  made  to  give  them  light  by  day,  anc  ■. 
myriads  of   stars   to  illuminate  their   wsfc- 
numberless  plants  and   animals  of  fore*, 
sea  were  supposed   to  exist   primarily  f 
human  race.     But  with  the  increase  of 
elusion  is  seen  to  be  absurd.    How  ii 
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iposed  that  these  repulsive 

jld  generate  lateral  motions 
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ratios  of  the  masses  of  the  planets,  the  eccentricities  of  the 
planetary  orbits  and  the  origin  of  comets,  the  origin  of  satel- 
lites and  the  rotation  of  the  planets,  etc.  He  even  claimed 
to  have  proved  without  observational  evidence  the  existence 
of  life  on  other  planets.  In  spite  of  the  keenness  of  his 
intellect  and  his  remarkable  powers  of  generalization,  his 
theory  has  not  had  much  influence  on  speculations  in  cos- 
mogony, because  it  is  marred  by  so  many  serious  errors  in 
the  application  of  physical  and  dynamical  laws. 

262.  The  Hs^thesis  of  Laplace.  —  The  hypothesis  of 
Laplace  appeared  near  the  end  of  a  splendid  popular  work 
on  astronomy  which  he  published 
in  1796.  He  advanced  it  "  with 
that  diatmst  which  everything 
ought  to  inspire  that  is  not  a 
result  of  observation  or  of  cal- 
culation." How  great  an  advance 
over  Kant  this  one  sentence 
indicates  I 

In  outline,  the  hypothesis  of 
Laplace  was  that  originally  the 
solar  atmosphere  (in  later  edi- 
tions a  nebulous  envelope),  in  an 
intensely  heated  state,  extended 
out  beyond  the  orbit  of  the 
farthest  planet ;  the  whole  mass 
rotated  as  a  solid  in  the  direc- 
tion in  which  the  planets  now  revolve;  the  dimensions  of 
the  solar  atmosphere  were  maintained  mostly  by  gaseous 
expansion  of  the  highly  heated  vapors,  and  only  slightly 
by  the  centrifugal  acceleration  due  to  the  rotation ;  as  the 
mass  lost  heat  by  radiation,  it  contracted  under  the  mutual 
gravitation  of  its  parts ;  simultaneously  with  its  con- 
traction, its  rate  of  rotation  necessarily  increased  because 
the  moment  of  momentum  remained  constant ;  after  the 
rotating  mass  had  contracted  to  certain  dimensions  the  cen- 
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trifugal  acceleration  at  the  eciuator  equaled  the  attraction  by 
the  interior  parts  and  an  equatorial  ring  was  left  behind,  the 
remainder  continuing  to  contract;  a  ring  was  abandoned 
at  the  distance  of  each  planet ;  a  ring  could  scarcely  have 
had  aljsolute  uoiformity,  and,  separating  at  some  point,  it 
united  at  some  other  because  of  the  mutual  attractions  of 
its  parts  and  formed  a  planet ;  and.  finally,  the  satellit.es  were 
formed  from  rings  which  were  left  off  by  the  contracting  plan- 
ets, Saturn's  rings  being  the  only  examples  still  remaining. 

The  contraction  theory  of  the  sun's  heat,  which  was  deveJ- 
oped  by  Helmholtz  in  1854,  fitted  in  very  well  with  the  La- 
placian  hypothesis  and  was  considered  as  supporting  it. 
Some  objections  to  the  Laplacian  theory,  however,  began  to 
appear.  In  1873  Roche,  the  author  of  the  theorem  that  a 
satellite  would  be  broken  up  by  tidal  strains  if  its  distance 
from  its  primary  should  become  leas  than  2.44  radii  of  the 
latter,  seriously  undertook  to  modify  the  hypothesis  of 
Laplace  so  as  to  relieve  it  of  the  difficulties  with  which  it 
was  beset.  His  modifications  were  for  the  most  part  improb- 
able and  do  not  in  the  least  meet  later  objections.  Kirk- 
wood,  an  American  astronomer,  criticized  the  Laplacian 
hypothesis  and  pointed  out  that  the  direct  rotation  of  the 
planets  might  be  due  to  the  effect  of  the  sun's  tides  on  them 
when  they  were  expanded  in  the  gaseous  state.  In  1884 
Faye  made  very  radical  modifications  of  the  hypothesis  of 
Laplace  for  the  purpose  of  avoiding  the  difficulties  in  which 
it  was  becoming  involved.  He  supposed  that  the  planets 
were  formed  in  the  depths  of  the  solar  nebula  and  that  those 
nearer  the  sun  are  actually  older  than  those  which  are  more 
remote.  About  1878  Darwin  began  his  great  work  on  the 
tides  which  he  regardetl  as  supplementing  and  strengthening 
the  hypothesis  of  Laplace. 

It  is  now  generally  recognizetl  that  the  Laplacian  hypothe- 
sis fails  because  it  does  not  meet  the  most  fimdamental 
requirements  of  the  problem.  For  example,  the  density  of 
the  hypothetical  solar  atmosphere  must  have  varied  in  har- 
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mony  with  the  laws  of  gases.  With  this  distribution  of 
density,  which  can  be  theoretically  determined,  and  tha 
rotation  which  is  given  by  the  revolution  of  the  planets,  it  is 
an  easy  matter  to  compute  the  moment  of  momentum  pos- 
sessed by  the  hypothetical  system  when  it  extended  out  to 
the  orbit  of  Neptune,  It  turns  out  to  be  more  than  200 
times  that  of  the  system  at  present.  If  the  hypothesis  of 
Laplace  were  correct,  the  two  would  be  equal ;  the  discrep- 
ancy is  HO  enormous  that  the  hypothesis  must  be  radically 
wrong. 

The  details  of  the  Lapiacian  hypothesis  are  subject  to 
equally  serious  difficulties.  For  example,  it  would  be  impos- 
sible for  successive  rings  to  be  left  off.  Kirkwood  long  agr 
pointed  out  that  if  instability  in  the  equatorial  zone  onct 
set  in,  it  would  persist,  and  Chamberlin  has  shown  that  the 
result  would  be  a  continuous  disk  of  particles  describing 
_nearly  circular  orbits.  Further,  if  a  ring  were  left  off,  it 
1  begin  to  condense  into  a  planet  because  both 
K)us  expansion  and  the  tidal  forces  due  to  the  sun  would 
e  than  otTset  the  mutual  gravitation  of  its  parts.  It  has 
■1  seen  how  large  and  dense  ^  a  planet  must  be  in  order 
lid  an  atmosphere;  while  the  ring  would  be  large,  its 
*  would  be  extremely  low  and  it  could  not  control  the 
I  clementa.  And  it  has  been  shown  that  even  if  a  cir- 
'int:  had  in  some  way  largely  condensed  into  a  planet, 
■  -'•  could  not  have  completed  itself.  In  order  that 
■"iiy  gather  up  scattered  materials,  it  is  necessary 
.\\]  be  moving  in  considerably  eccentric  orbits. 

l.:iplacian  hypothesis  fails  in  the  fundamental 

Kioment  of  momentum,  as  well  as  in  a  num- 

■itial  respects,  it  will  be  sufficient  simply  to 

I  the  phenomena  which  are  obviously  not 
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provide  for  the  planetoids  with  their 

.1  ..1  ;>  |il;ii!r>t  on  an  atmosphere  ia  proportional  to 


interlacing  orbite,  some  having  high  inclinations  or  eccen- 
tricities. 

(2)  It  dops  not  permit  of  tile  existence  of  an  object  hav- 
ing such  an  orbit  as  that  of  Eros,  which  reaches  from  near 
that  of  the  earth  out  beyond  that  of  Mars. 

(3)  It  implies  that  a  continuous  disk  of  particles,  such  as 
that  producing  the  zodiacal  light,  cannot  exist. 

(4)  It  does  not  anticipate  the  considerable  eccentricity 
and  inclination  of  Mercury's  orbit. 

(5)  It  does  not  agree  with  the  fact  that  the  terrestrial 
planets  seem  to  he  at  least  as  old  as  the  more  remote  ones. 

(6)  It  does  not  permit  of  there  being  any  retrograde  satel- 
lites because  the  rings  abandoned  by  a  contracting  nebula 
would  necessarily  all  rotate  in  the  same  direction.' 

(7)  It  impUes  that  the  rotation  period  of  each  planet  shall 
be  shorter  than  the  shortest  period  of  revolution  of  its  sat^jl- 
Utes.  This  condition  ia  not  only  violated  in  the  case  of  the 
inner  satellite  of  Mars,  but  the  particles  of  the  inner  ring  of 
Saturn  revolve  in  half  the  period  of  the  planet's  rotation. 

263.  Tidal  Forces,  —  The  sun  and  moon  generate  tides 
in  the  oceans  that  cover  the  earth.  Tides  are  raised  also 
in  the  atm  sphere  and  in  the  solid  earth  itself.  Similarly, 
every  celestial  body  raises  tides  in  every  other  celestial  body. 
The  first  problem  which  will  be  considered  here  will  be  the 
character  of  the  tide-raising  forces,  and  the  second  will  be 
the  effects  of  the  tides  on  the  rotations  and  revolution  of  the 
two  bodies. 

Consider  the  tide-raising  effects  of  m  on  M,  Fig.  163. 
For  simplicity,  consider  the  effects  of  m  on  P  and  P',  two 
particles  on  the  surface  of  M.  The  problem  of  the  resolu- 
tion of  the  forces  is  that  which  was  treated  in  Art.  IM.  Let 
MA  represent  the  acceleration  of  m  on  M  in  direction  and 
amount.  Then  the  acceleration  of  m  on  P  and  P'  will  be 
represented  by  PB  and  P'B'  respectively.     The  former  ia  ■ 
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greater  than  MA  because  the  acceleration  varies  inverselj 
as  the  square  of  the  distance,  and  Mm  is  greater  than  Pm. 
For  a  similar  reason  P'B'  is  less  than  MA.  Now  refjolve 
PB  into  two  components,  PC  and  PD,  in  such  a  way  that 
PC  shall  be  equal  and  parallel  to  MA.  Similarly,  resolve 
P'B'  into  P'C,  equal  and  parallel  to  MA,  and  P'D'.  Since 
PC  and  P'C  are  equal  and  parallel  to  MA,  they  have  no 
tendency  to  displace  P  and  P'  respectively  with  respect  to 
M.  The  remaining  components,  PD  and  P'D',  are  the  tide- 
raising  accelerations. 

Now  consider  the  tide-raising  forces  all  around  M.     They 
are  eis  indicated  in  Fig.  94.     The  forces  toward  m  arc  slightly 


Fiu.   103,  —  The  tide-raising  force. 

greater  than  those  in  the  opposite  direction,  while  the  com- 
pressional  forces  at  90°  from  these  directions  are  half  as  great. 
It  is  clear  from  this  figure  that  if  M  were  not  rotating  and  m 
were  not  revolving  around  it,  there  would  be  a  tide  on  the 
side  of  M  towards  m,  and  a  nearly  equal  tide  on  the  side  of 
M  away  from  m  (compare  Art.  153).  The  motions  of  the 
bodies  produce  important  modifications. 

Suppose  the  rotation  of  M  and  the  revolution  of  m  are  in 
the  same  direction  and  that  the  period  of  rotation  of  M  is 
shorter  than  that  of  the  revolution  of  m.  This  is  the  case 
in  the  earth-moon  system.  Under  these  circumstances  the 
tides  Ti  and  Ti  are  carried  somewhat  ahead  of  the  line  Mm, 
as  represented  in  Fig.  164.  The  more  nearly  equal  the  rates 
of  rotation  of  M  and  revolution  of  m,  the  more  nearly  will 
the  tides  Ti  and  T%  be  in  the  line  Mm. 
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Consider  a  point  on  the  rotating  body  M.  It  will  first 
pass  the  line  Mm,  and  then  somewhat  Iat«r  it  will  pass  the 
tide  7*1.  The  interval  is  the  lag  of  the  tide.  In  the  case 
of  the  earth-moon  system  a  meridian  passes  eastward  across 
the  moon  (the  moon  seems  to  pass  westward  across  the 
meridian),  and  aomewhat  later  the  meridian  passes  the  tidal 
cone  and  has  high  tide.  The  problem  ia  enormously  compli- 
cated in  the  case  of  the  earth  by  the  addition  of  the  tides  due 
to  the  sun,  by  the  varying  distances  of  the  moon  and  eun 
north  or  south  of  the  celestial  equator,  by  their  changing  dis- 
tances from  the  earth,  and  especially  by  the  irregular  con- 
tours of  the  continents  and  the  varying  depths  of  the  oceans. 
These  modifying  factors  are  so  numerous  and  in  some  cases 
so  poorly  known  that  at  present  it  is  not  possible  to  predict 
entirely  in  advance  of  observation  either  the  timra  or  heights 
of  the  tides ;  but,  after  a  few  observational  data  have  estab- 
lished the  way  in  which  the  tides  at  a  station  depend  upon 
the  unknown  factors,  predictions  become  thoroughly  reliable, 
for  the  tides  vary  in  perfect  harmony  with  the  tidal  forces. 

264.  Tidal  Evolution.  —  The  tides  are  not  fixed  on  the 
surface  of  M,  Fig,  164,  unless  the  period  of  its  rotation  equals 
the  period  of  revolution  of  m.  When  the  periods  are  unequal 
so  that  the  tides  move  around  the  rotating  body,  some  energy 
is  changed  to  heat  by  friction.  This  energj'  comes  from  the 
kinetic  and  potential  energies  of  the  system ;  and,  in  accord- 
ance with  the  laws  of  dynamics,  the  transformation  of 
energy  takes  place  in  such  a  way  that  the  total  moment  of 
momentum  of  the  system  remains  unchanged.  Of  course, 
in  general  there  will  be  tides  on  both  of  the  mutually  attract- 
ing bodies. 

The  character  of  the  transformation  of  energy  that  takes 
place  under  tidal  friction  depends  upon  the  dynamical 
properties  of  the  system.  Suppose  that  the  motions  of 
rotation  and  revolution  are  in  the  same  direction  and  that 
the  period  of  M  is  shorter  than  that  of  m.  It  can  he  shown 
that  under  these  circumstances  the  periods  of  both  M  and  m 
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and  their  distance  apart  are  increased.  Tha  reason  that  the 
period  of  rotation  of  M  ia  increased  is  that  m  has  a  component 
of  attraction  back  on  both  Tt  and  Tt,  Fig.  164,  as  can  be 
shown  by  resolving  the  forces  as  they  were  resolved  in  Fig. 
163.  If  m  pulls  Ti  and  Ti  backward,  it  follows  from  the 
reaction  of  forces  that  Ti  and  Tj  pull  m  forward.  The  result 
of  a  forward  component  on  m  is  to  increase  the  size  of  its 
orbit  and  to  lengthen  its  period. 

If  m  is  near  M,  the  effect  of  the  tides  on  the  period  of  revo- 
lution of  m  is  greater  than  their  effect  on  the  period  of  rotation 
of  M.    If  the  bodies  are  far  apart,  the  result  is  the  opposite. 

Suppose  the  two  bodies  are  initially  close  together  and  that 
the  period  of  rotation  of  M  is  only  a  little  shorter  than  the 


Fia.  104.  —  Tidal  coDCB  and  the  lag  of  the  tides. 

period  of  revolution  of  m.  The  friction  of  the  tides  will 
lengthen  both  periods  and  increase  the  difference  between 
them.  If  nothing  else  interferes,  this  will  continue  until  a 
certain  distance  between  the  bodies  has  been  reached.  After 
that,  the  effect  on  the  period  of  rotation  of  M  will  be  greater 
than  that  on  the  period  of  revolution  of  m.  Consequently, 
although  both  periods  will  continue  to  increase  in  length, 
they  will  approach  equality.  Eventually,  the  periods  of 
rotation  and  revolution  will  be  equal,  the  tides  will  remain 
fixed  on  M,  and  there  will  be  no  further  tidal  friction  or 
tidal  evolution. 

The  most  important  case  from  a  practical  point  of  view 
has  been  considered,  but  there  are  two  others.  In  the  first 
the  bodies  move  in  the  same  direction,  but  the  period  oj 


rotation  of  M  Ls  longer  than  that  of  revolution  of  m.  Under 
these  circumstances  both  periods  are  decreased,  the  relative 
amounts  depending  on  the  distance  of  the  bodies  from  each 
other.  If  the  bodies  are  initially  far  apart,  the  effect  will  be 
greater  on  the  period  of  rotation  of  .If  than  on  the  period  of 
revolution  of  m,  and  the  two  periods  will  approach  equality. 
But  if  the  bodies  are  near  together,  the  effect  will  be  relatively 
greater  on  the  period  of  w,  the  periods  will  not  approach 
equality,  and  the  i>odie«  will  ultimately  collide.  In  the 
second  case  the  rotation  of  M  is  in  the  direction  opposite  to 
that  of  the  revolution  of  m.  Under  these  circumstances 
M  rotates  faster  and  faster,  the  distance  of  m  continually 
decreases,  and  the  inevitable  outcome  is  the  collision  and 
union  of  the  two  bodies. 

The  rate  at  which  tidal  friction  takes  place  depends  upon 
the  physical  properties  of  the  bodies.  If  they  are  perfect 
fluids  so  that  there  is  no  degeneration  of  energj-,  there  is  no 
tidal  evolution.  Likewise  if  they  are  perfectly  elastic,  there 
is  no  tidal  friction. 

The  rate  of  tidal  friction  also  depends  upon  the  difference 
in  the  periods  of  the  two  bodies.  If  the  difference  between 
the  periods  is  small,  the  tides  Ti  and  T^,  Fig.  164,  are  almost 
in  the  line  Mm,  and  it  is  obvious  that  the  backward  compo- 
nents are  small  and  the  rate  of  tidal  friction  b  very  slow. 
Suppose  the  periods  are  approaching  equaUty.  The  smaller 
their  difference  the  slower  is  their  rate  of  change,  and  they 
never  become  exactly  equal  but  approach  equality  as  the 
time  becomes  infiiiitply  great. 

266.  Effects  of  the  Tides  on  the  Motions  of  the  Moon.  — 
The  mast  striking  thing  in  the  earth-moon  system  is  that 
the  moon's  periods  of  rotation  and  revolution  are  equal. 
It  is  extremely  improbable  that  this  unique  relation  is  acci- 
dental. The  only  explanation  of  it  heretofore  advanced  is 
that  the  moon's  period  of  rotation  has  been  brought  into 
equality  with  its  period  of  revolution  by  the  tides  generated 
in  it  by  the  earth. 
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The  tidal  force  exerted  by  the  earth  on  the  moon  is  about 
20  times  the  tidal  force  exerted  by  the  moon  on  the  earth. 
The  amount  of  tidal  friction  is  proportional  to  the  square  of 
the  tidal  force.  Therefore,  if  the  physical  properties  of  the 
earth  and  moon  were  the  same  and  if  their  periods  of  rotation 
were  equal,  the  effectiveness  of  the  tides  generated  by  the 
earth  on  the  moon  in  changing  the  moment  of  momentum 
of  the  moon  would  be  400  times  that  of  the  tides  generated 
by  the  moon  on  the  earth  in  changing  the  moment  of  momen- 
tum of  the  earth .  Since  the  moment  of  momentum  of  a  body 
is  proportional  to  the  product  of  its  mass  and  the  square  of  its 
radius,  a  given  change  in  the  moment  of  momentum  of  the 
moon  altera  its  rate  of  rotation  1200  times  as  much  as  the 
same  change  in  moment  of  momentum  alters  the  rate  of 
rotation  of  the  earth.  Consequently,  taking  the  two  fac- 
tors together,  if  the  earth  and  moon  were  physically  alike 
and  had  the  same  period  of  rotation,  tidal  friction  would 
change  the  period  of  rotation  of  the  moon  400  X  1200  = 
480,000  times  as  fast  as  it  would  change  the  period  of  rotation 
of  the  earth. 

The  results  which  have  been  obtained  seem  to  be  very 
favorable  to  the  theory  that  the  tides  have  caused  the 
moon  to  present  one  side  toward  the  earth,  but  some  serious 
difficulties  remain.  It  can  be  shown  that,  considering  the 
tidal  interactions  of  the  earth  and  moon  and  the  effect  of 
the  sun's  tides  on  the  moon,  the  present  condition  of  the 
earth-moon  system  is  not  one  of  equihbrium.  The  tides 
raised  by  the  earth  on  the  moon  have  no  effect  under  present 
circumstances  on  the  rotation  and  revolution  of  the  moon. 
The  tides  raLsed  by  the  moon  on  the  earth  increase  the  length 
of  the  month  but  do  not  affect  the  rotation  of  the  moon. 
The  tides  raised  by  the  sun  on  the  moon  increase  the  moon's 
period  of  rotation  but  do  not  affect  its  revolution.  Conse- 
quently the  moon's  periods  of  rotation  and  revolution  are 
both  incre^ng,  and  it  is  infinitely  improbable  that  all  the 
factors  on  which  these  effects  depend  are  so  related  that 
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they  are  exactly  equal.  Even  if  they  were  eqiJi> 
they  would  become  unequal  with  a  changed  *n^  ^ 
moon  from  the  earth.  That  is,  the  present  ia  nift 
of  equilibrium,  and  the  consideration  of  thp  I* 
remove  the  difficulties.  It.  seems  probable  frf" 
thought  that  some  intluenee  so  far  not  considor* 
the  moon  always  to  present  the  same  face  towi 

266.  Effects  of  the  Tides  on  the  Motions  of 
The  theory  of  the  tidal  evolution  of  the  earth- 
on  the  basis  of  certain  assumptions  regardiitp 
condition  of  the  earth,  was  elaborated  by  Sirfv 
in  a  splendid  series  of  investigations.  While  ( 
of  Michdson  and  Gale  (Art.  25)  proves  that  hi. 
are  not  satisfied,  at  least  at  the  present  tinn* 
sequence  of  events  which  he  worked  out  is  inl 

Since  the  tides  are  increasing  the   lengttt- 
day  and  the  month,  both  of  these  periods  • 
shorter  anil  the  moon  was  nearer  the  earth, 
of  his  assumptions,  Darwin  traced  the  day  bB> 
only  four  or  five  of  our  pii'sciit   hours.     At 
moon  was  revolving  close  to  the  earth  in  a 
equally  short.     This  le<l  him  to  the  conclusi' 
earUer  stage  the  earth  and  moon  were  one  bi, 
divided  into  two  parts  because  of  the  rapid  r 
combined  mass,  and  that  they  have  attained 
state  as  a  consequence  of  tidal  friction.     The 
ing  leads  to  the  conclusion  that  in  the  future 
tinue  to  separate  anti  that  the  day  will  contii 
in  length. 

The  critical  question  is  whether  the  ph; 
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of  them  revealed  by  a  telescope  will 

space  it  brings  within  visual  range. 

:he  stars  are  less  densely  distributed  at 

■ny  direction,  then  the  number  of  faint 

direction  will  fall  short,  of  being 

I'  nenetrated   by  the  instrument. 

■l.:Lnt  to  find  the  number  of  stars  of 

the  limits  of  range  of  the  most 

V  li:it  the  apparent  distribution  in  magnitude 

-  (if  every  actual  size  and  luminosity  were 

illy  throughout  space.     Take  a  large  enough 

u cidental  groupings  will  not  sensibly  affect 

l-iir  example,  suppose  there  arc  5000  stars  in 

^iiagnitudes  and  compute  the  number  there  should 

ihe  hypothesis,  in  the  first   seven   magnitudes. 

.magnitude   stars   are   2.512  ■■■  times   as   bright 

^  enth-magnitude  stars.     Since  the  amount  of  light 

"Ti^fruni  stare  of  given  absolute  brightness  varies  in- 

-^^^  ~^^^  ^^^  squares  of  their  distances,  it  follows  that  stars 

^^^^^/^venth  magnitude  are  V2.512  ■  • .  =  1.585  •  ■  ■  times  as 

^^^^^~  .   as   corresponding   stars   of   the    sixth    magnitude. 

^^^^^^ore  the  volume  occupied  by  stars  out  to  the  seventh 

^^■^w  Jtude,  inclusive,  is   (1.585  ■  ■  ■)'  =  3-98  -■•  times  that 

^^^^pied  by  the  first  six  magnitudes.     Hence,  if  the  stars 

^^^/*e  uniformly  distributed  and  the  light  of  the  remote  ones 

^^^"re  in  no  way  ol*structed,  there  would  lie  3.98  •  ■  ■  times  as 

^^^Tiny  stars  in  the  first  seven  magnitudes  as  in  the  first  six 

^^hagnitudes,  or  nearly  20,000  stars.     The  ratio  is  the  same 

^Tor  the   total   number  of  stars   up   to  any  two  successive 

^  magnitudes    because    the    particular    magnitudes    do   not 

f      enter  into  its   computation.     And  it  can  be  shown  easily 

that  the  ratio  of  the  number  of  stars  of  any  magnitude  to  the 

number  of  the  next  magnitude  brighter  is  also  3.98  ■  ■  ■■ 

It  remains  to  examine  the  results  furnished  by  the  obser- 
vations.   The  stars  are  so  extremely  numerous  that  only  a 
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they  vrill  henceforth  fit  into  a  large  body  of  organized  facta. 
From  now  on  the  romance  and  excitement  of  astronomicfil 
adventure  will  be  largely  furnished  by  the  explorations  of  tiie 
sidereal  universe.  Astronomers  have  become  accustomed 
to  the  fact  that  the  sun  is  a  million  times  as  lai^e  as  the  earth, 
and  familiarity  has  dulled  their  amazement  at  its  terrific 
activities;  from  now  on  they  must  deal  with  milliona  of 
stars,  some  of  them  much  larger  and  thouaands  of  times 
more  luminous  than  the  sun.  They  have  measured  and  at 
least  partially  grajipcd  the  enormous  dimensions  of  the  solar 
system ;  from  now  on  they  must  conceive  of  and  deal  with 
distances  millions  of  times  aa  great.  They  have  observed 
the  differences  in  characteristics  exhibited  by  eight  planets; 
from  now  on  they  will  be  face  to  face  with  the  infinite  diver- 
sity presented  by  the  stars.  They  have  definitely  accepted 
the  doctrine  that  the  solar  system  has  undergone  a  great 
evolution  whose  details  are  yet  much  in  doubt ;  the  corre- 
sponding question  for  hundreds  of  millions  of  other  systems 
is  looming  up  more  indistinctly  through  the  fogs  of  uncer- 
tainties which  still  surround  them.  It  might  be  supposed 
that  astronomers  would  be  tempted  to  lay  down  the  arms 
of  their  understanding  before  the  transcendental  and  appal- 
lingly difficult  problems  presented  by  the  sidereal  system. 
Instead,  with  all  the  weapons  at  their  command,  they  are 
making  more  vigorous,  persistent,  and  successful  attacks  than  • 
ever  before.  Astronomers  of  all  the  leading  countries  are 
united  and  cooperate  in  this  campaign ;  they  employ  tele- 
scopes of  many  kinds,  spectroscopes,  photographic  plates^ 
measuring  machines,  and  powerful  mathematical  processes  in 
their  attempts  to  penetrate  the  unknown. 

269.  The  Ntunber  of  Stars  of  Various  Magnitudes. — 
The  simplest,  and  most  easily  determined  thinR  alujut  the 
stars  is  their  number.  Of  course  the  number  that  can  be 
seen  depends  upon  the  power  of  the  instrument  with  which 
the  observations  are  made.  If  the  stars  extend  infinitely 
in  every  direction  with  approximately  equal  distances  from 
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no  absorbing  male  a.\  ^^^^^  ^.^^j^  ^  ^^  jj^^^  except  for  the 
mutual  eclipsing  ol  the  stars,  to  the  amount  of  light  received 
from  all  of  them.  The  sky  would  be  everywhere  ablaze 
with  the  average  brighjjjpgg  „}■  ^  g^^^^  perhaps  equal  to  that 
of  the  sun.  The  stars  in  one  hemisphere  would  give  us  more 
than  90,000  times  as  much  light  as  the  sun,  but  actually 
the  sun  gives  us  15,000,000  times  as  m  jch  light  as  all  the  stars 
together.  Therefore,  unless  much  light  is  absorbed,  the 
hypothesis  of  uniform  distribution  of  the  stars  to  infinity 
is  radically  false. 

Is  it  necessary,  therefore,  to  conclude  that  the  number  of  \ 
stars  is  limited  and  that  they  occupy  only  a  finite  part  of  1 
space  ?      By  no   means ;    simply  that  they  cannot  be  di^  j 
tributed  with  approximate  uniformity  throughout  infinite  i 
apace.     It  was  pointed  out  by  Lambert  long  ago  that,  just  1 
as  the  solar  system  is  a  single  unit  in  a  gahixy  of  several  hun- 
dred million  stars,  so  the  Galaxy  may  be  but  a  single  one  out 
of  an  enormous  number  of  galaxies  separated  by  distances  j 
which  are  very  great  in  comparison  with  their  dimensions, 
and  that  these  galaxies  may  form  larger  units,  or  supers  ^ 
galaxies,  and  so  on  without  limit.     There  is  nothing  in  such 
an  organization  which  is  inconsistent  with  the  facts  estab- 
lished by  observation,  for  it  is  possible  to  build  up  infinite 
systems  of  stars  in  this  way  which  would  give  us  only  a 
finite  amount  of  light.     Hence  the  conclusion  to  be  adopted 
is  that  the  sun  is  in  the  midst  of  an  aggregation  of  at  least 
several  hundred  millions  of  stars  which  form  a  sort  of  system, 
and  that  beyond  and  far  distant  from  this  system  there  may 
be  other  somewhat  similar  systems  in  great  numbers,  which 
may  be  units  in  larger  systems,  and  so  on  without  limit. 

It  is  conceivable  that  the  ether  is  not  infinitely  extensive, 
but  that  it  surrounds  the  stars  of  the  sidereal  system  (and 
other  stellar  systems  if  there  are  such)  as  the  atmospheres 
surround  the  planets.  Light  could  not  come  to  us  from 
beyond  its  borders,  however  many  stars  might  exist  there, 
as  sound  cannot  come  to  the  earth  from  other  bodies  beyond 
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100 

13 

798 
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569 

409 

276 

295 

340 

205 

14 

1.M2 

1.354 

1,142 

770 

531 

672 

482 

392 

15 

2.650 

2,080 

1.390 

940 

1.060 

916 

773 

IB 

0.150 

3,680 

2,340 

1.680 

1.830 

1,630 

1.400 

17 

11,540 

9,170 

6,350 

3,080 

2,870 

3,100 

2.990 

2.610 

Total 

24.000 

19,300 

14,300 

9,240 

6.640 

7.090 

6.460 

5.680 

Three  things  follow  from  this  table:  (a)  Stars  of  all 
magnltudea  down  to  the  seventeenth  are  more  numerous  in 
the  plane  of  the  Milky  Way  than  near  ita  poles.  Since  the 
only  reasonable  supposition  is  that  the  nearer  stars  are  dis- 
tributed more  or  less  uniformly  with  no  special  relations  to 
the  Milky  Way,  it  follows  from  the  fact  the  bright  stars 
are  condensed  near  the  Milky  Way  that  some  of  them  are 
very  liistant.  That  is,  the  stars  differ  greatly  in  absolute 
luminosity,  a  conclu-sion  confirmed  by  direct  evidence, 
(6)  The  decrease  in  the  number  of  stars  is  on  the  average 
gradual  from  the  Milky  Way  to  its  poles,  showing  that  the 
sun  is  actually  in  the  midst  of  the  clouds  of  stars  on  which  the 
table  is  based,  (c)  The  relative  condensation  in  the  plane 
of  the  Milky  Way  is  greater,  the  fainter  the  stars.  This 
proves  that  the  stars  are  not  only  much  more  numerous 
near  the  plane  of  the  Milky  Way,  but  also  that  they  ext«nd 
to  much  greater  distances  in  this  plane  than  in  the  direction 


can  111'  <vcn  witli  llii-  uiiiiidi.'(l  eye  mIiows  that  Ihey  are  coi 
sidL'i'ably  more  numerous  in  and  near  the  Milky  Way  thit 
elsewhere.     When  those  ataxa  which  can  be  seen  only 
the  help  of  a  telescope  are  included,  the  condensation  toWJ 
the  Milky  Way  is  still  more  pronounced. 

Precise  numbers  for  all  the  stars  aie  known  only  to 
ninth  magnitude;  but  the  star  counts  of  the  Herscbela, 
especially  the  work  of  Chapman  and  Melotte,   go  mu 
further  and  give  what   are   very   proijably   approximatt 
correct  results  down  to  the  seventeenth  magnitude.     Sir 
the  stars  are  apparently  condensed  toward  the  Milky  Wi 
it  is  natural  to  use  its  plane  as  the  fundamental  ]^u)«' 
reference.     According  to  E.  C.  Rckering  the  north  polo 
the  Galaxy  is  in  right  ascension  190°  and  its  declination 
+  28°.     The  Milky  Way  is  very  irregular  in  outline,  am' 
is  difficult  to  locate  its  center ;  but  its  median  line  is  pomli^ 
not  quite  a  great  circle,  from  which  it  follows  that  the  ^ 
is  somewhat  out  of  the  plane  near  which  the  stars  are  f""! 
gregatod.  < 

Let  the  center  of  the  Milky  Way  be  the  circle  from  whiu 
galactic    latitudes   are    counted.    Chapman    and    , 
divided  the  sky  up  into  eight  zones,  the  first  includii 
belt  of  galactic  latitude  0°  to  ±  10°,  the  second  the  two  oi 
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,  271 


join  and  reach  on  into  Ca«Hiop<'ia,  where  the  description  of 
the  Milky  Way  began. 

It  is  obvious  that  the  stars  do  not  form  any  simple  sj'stem. 
It  seems  prcilmble  that  the  Galaxy  is  composed  of  a  large 


Fia,  167.  — The  region  ot  Rlio  Oplii 


number  of  star  clouds,  each  with  peculiarities  of  its  own, 
but  having  relations  to  the  whole  mass  of  stars.  Since  the 
Milky  Way  is  roughly  in  the  form  of  a  great  discus,  or 
"  grindstone  "  as  Herschel  called  it,  the  prevailing  motions 
must  be  in  its  plane  in  order  to  have  preserved  its  shape. 
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This  does  not  mean  that  the  relative  velocities  would  need  to 
be  great  enough  to  be  easily  observed ;  they  would,  in  fact, 
be  very  slight  as  seen  from  the  enormous  distances  separatin 
the  stars  from  the  earth. 

XXII.    QUESTIONS 

1.  Prove  that  the  magnitudeB  of  stare  of  equal  absolute  bright- 
ness are  proportianal  to  the  loEarilhma  of  their  diatances- 

2.  I*rove  that,  under  the  hypothesis  of  the  second  paragraph 
of  Art.  269,  the  ratio  of  the  number  of  stars  of  any  magnitud* 
to  the  number  of  the  next  magnitude  brighter  is  3.98. 

3.  If  there  are  2000  stars  of  magnitude  5  to  6.  and  if  the  ratio 
for  successive  magnitudes  were  3.98,  how  many  stars  would  there 
be  of  magnitude  16  to  177 

4.  Prove  that  the  effectiveness  of  a  given  mass  in  Bcreeolng 
off  light  ia  inversely  proportional  to  the  radius  of  the  particles  into 
whieh  it  is  divided. 

5.  Show  in  detail  how  it  follows  from  Table  XV  and  the  aa- 
Bumption  under  (o)  that  some  of  the  bright  8ta,rs  are  very  distant. 
How  many  of  the  20  first-magnitudn  stars  have  parallaxes  greater 
than  0".2  (see  Table  XVI)  ? 

0.  At  what  distance,  expressed  in  parsecs  (Art.  272),  would  the 
sun  In*  a  first-magnitude  star?  A  aixtli-magnitudestar?  If  Canopua 
has  a  parallax  of  0".005,  how  does  its  absolute  brightness  compare 
witii  that  of  the  sun? 

7.  Prove  that  the  area  of  one  hemisphere  of  the  sky  is  92,000 
times  the  apparent  area  of  the  sun. 

8.  Prove  iu  detail  that  conclusion  (6)  of  Art.  270  follows  froiQi 
Table  XV. 

9.  At  what  time  of  the  year  does  the  portion  of  the  Milky  Way 
which  is  divided  by  a  longitudinal  rift  pass  the  meridian  at 
If  poEsible,  observe  it. 

10.  Draw  a  diagram  and  sliow  that  the  fact  that  the  central 
line  of  the  Milky  Way  is  not  quite  a  great  circle  proves  that  the 
solar  system  is  not  in  the  center  of  the  disk  of  stars  of  wtiich  the 
Milky  Way  ia  composed. 

11.  The  fact  that  the  Milky  Way  ia  very  oblate  imphes  that  it 
has  large  moment  of  momentum  about  an  axis  perpendicular  to 
its  plane.  What  inference  do  you  draw  respecting  the  general 
motions  of  stars  in  exactly  opposite  parts  of  the  Milky  Way? 

12.  If  all  visible  objects  belong  to  the  Galaxy,  is  it  possible  to 
prove  the  rotation  of  the  Milky  Way  by  observations  of  the  stars? 
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must  be  in  its  plAoel 


•^■fc— Oae  mi 
^  -^1  ia  tliat  tW 

*^a  the  poo- 
dnerenre  in 

"iirstwl  fraa 

■ :  to  the  isun 
'!»  parallax 
r-it5ui  of  the 
'oe  parallax 
u-  would  be 

■  =  to  the  sun. 


L  wBti  for  most 
0.000  a0tn>. 
ft  » th«  (listanre 

Mstiring  their 

^Upha  Cen- 

nrfotdy  0".75. 

B  two  pointe  on 

t  fimn  the  earth 

i  &»ctioR  of  an 

B  first  with  one 

r  difference  in 

C  sren  from  dif- 

B  be  determined 

r  of  months 

whirh  eqtuda 


DBREAL  UNIVERSE 


S  oonditions  and  the  instruments  may 
inged. 
B  means  of  determining  the  parallax  of  a  n 
■ioUB  times  of  the  year,  its  appar-  I 
iie  positions  of  more  distant  stars.     Let  S, 
I  a  star  whose  parallax  is  required,  and  S' 
tBDt  star.     When  the  earth  is  at  Ei  the 
;tween  them  is  ^  SEiS' ;  when  the  earth  J 
?tS'.     The  parallax  of  S  is  Z  E^SEj ;    the  ] 
EijS'Bj,  which  will  be  negligible  if  S'  ia  s' 
It  easily  follows  from  the  geometry  of  the 
e  parallax  of  S  minus  the  parallax  of  S'  equals 
I  of  the  measured  angles  SEiS'  and  SEiS'- 


I  from  nppun 


[  the  parallax  of  S'  is  inappreciable,  the  parallax  of 

e  found. 

iice  the  position  of  S  is  measured  with  respect  to. 

r  of  comparison  stars.     At  present  the  work  is  done 

B  entirely  by  photography.     Plates  of  a  star  and  the 

Rinding  region  are  secured  at  different  times  of  the  year, 

he  distances  between  the  stare  are  measured  under  a 

roBcope  on  a  machine  designed  for  the  purpose.     The 

i  of  the  photograph  is  proportional  to  the  focal  length 

ihe  telescope,  and  consequently  for  this  purpose  only 

e  and  excellent  instruments  arc  of  value. 

k  With  present  means  of  measurement,  a  parallax  of  0".02 

3  cannot  be  determined  with  suffieient  actiuraey  to  be 

f  much  value;   in  fact,  the  probable  error  in  one  of  0".06 

J  large.    The  great  distances  of  the  stars  can  be  inferred 
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13.  What  ubservaliooal  evidenre 
there  are  inlinitdy  many  galaxies  > 
umfomiity,  but  separated  from  on.- 
s  compared  to  their  liimi 


ithosc paraltfixci  I 


II.   Distances  and  Motio.n 

272.  Direct  Parallaxes  of  the  V 

the  proofs  that  thy  e.irth  revolv 


!■  0",2  or  greflter  1 
"iing  about  25  per  | 
-s^.  There  arc  at  presfJit  j 
.  j.fitDt.  to  be  seen  with-  | 
,-:- Table  XVI.  When  | 
.  _-!iiiio  lias  been  det*r-  I 
,  -iuiwi,  or  its  luminosity,  | 
apparent  directions  of  the  nearest  *" ,„„^u,i.  The  luminosily 
tion  of  the  earth  in  its  orbit  (Art:  *.,^a,  the  fiftb  column, 
direction  of  a  star  as  seen  from  iw'' 

each  other  by  the  mean  distance  ftr.  | 

is  the  parallax  of  the  star ;   or,  in  l<*^ 
of  tlie  atiir  is  the  angle  subtended  bj=-      „..„,., 
earth's  orbit  aa  seen  from  the  star  (t"^  «3-w  l 
were  one  second  of  arc,  the  distiuir^-^" 
206,265  times '  I  he  mean  distance  fl■^^  j     J^ 
This  distance,  which  is  a  very  conv*  ^    »o 
the  distances  of  the  stars,  is  called  i  j     "? 
practical  purposes  if  may  be  taken.  -'J     o.twr 
nomical  units,  or  20,000,000,000,000  i  -  j     J]}J 
that  light  travels  in  about  3.3  years.  ^     n^DiO 
The  stars  are  so  remote  that  the  prr  j  I  jl** 
parallaxes  is  one  of  great  practical    ^*     nojn 
tauri,  the  nearest  known  star,  haa  «  5     51SJ 
That  is,  its  difference  in  direction  ss  ■  ^  ,  ju 
the  earth's  orbit,  separated  by  the  n.^  ,  i* 
to  the  sun,  is  the  same  as  the  diflorM  i  ^n 
object  at  the  distance  of  10.8  miles  w^     ••" 
eye  and  then  with  the  other.     Not  ■■  ^-^ 
the  apparent  position  of  a  star  vcr>  jjti,  our  sun  occupy  a 

ferent  parts  of  the  earth's  orbit,  bii«*^r,|,p,-  ^^pre  imiformly 
only  from  observations  separated  '■   "     '       i.nv.Tn   adjacent 
'Thianumlwrlathenumberofsecondfi,  -  ■'     ^'''.Vears.      In 

ilB  radius  in  length.  -    I.   't't  list   ate  far 


.  i-^ilnlity  without  optical  aid,  it  is  reason- 
'lu'io  may  be  a  considerable  number  of 

■:vs  of  the  sun  which  are  as  yet  untlis- 


iliposed  tliat  attempts  have  been  made 

'liluxes  of  all  stars  brighter  than  the 

,-  cuth,  magnitude.     The  process  is  exces- 

pid  only  those  stars  are  selected  which  are 

I  measurable  distance,  or  which  are 

ILtcrcst  for  other  reasons.     A  star  with  a 

I  thp  line  of  sight  will  apparently  move 

is   to   the   observer.     Consequently, 

»  nearest  on  the  average  whose  proper 

k  called,  are  greatest.     As  a  rule  only  those 

I  for  parallax  which  have  been  found  to 

f  motions. 

li;,  Imthesea  that  the  stars  are  uniformly  dis- 

■  .^.'1. licit  the  space  occupied  by  the  Galaxy  and 

- ' "  >   Ik  the  same  as  it  is  in  the  vicinity  of  the 

I    ihe  stellar  universe  can  be  computed. 

'ii'cupied  by  the  stars  is  spherical  in  shape 

rr  :.00,000,000  of  them.     Then  it  turns  out 

!]•■  Iiypotliesea  adopted,  the  radius  of  this  sphere 

■'     tii-iOOOhght-years,     Since  the  Galaxy  is  very 

iuit  (1,  the  distance  to  its  poles  is  probably  only  a 

1  parsecs  while  the  borders  of  its  periphery  are 

rvtral  thousand  parsecs  from  its  center. 

interesting  and  important  conclusion  follows  from 

,  and  that  Is  that  thn  luminosities  of  the  stars 

iisly.      For   example,    Sirius    radiates    12,000 

1  light  asOA(N.)  17,415.     These  differencea  in 

f  be  due  to  the  fact  that  some  stars  are  larger 

,  iir  at  least  partly  to  the  fact  that  some  are 

My   more  brilliant   than   others.      Probably   both 

important.     Some  stars  are  certainly  much  more 

I  linn  otherSf  and  the  table  gives  examples  of  stars 


m 
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from  the  fact  that  only  about  100  are  known  whoi 
come  within  the  wider  of  these  limits. 

The  distances  of  stars  whose  parallaxes  are  0"4 
can  be  measured  v/iih  an  error  not  exceeding  ao 
cent  of  the  quantity  to  be  determined.     There  am 
19  such  stars  known,  D  of  which  are  too  fiiinl  to  b6| 
out  optical  aid.     These  stars  are  given  in  Table  XVI 
the  distance  of  a  star  of  known  magnitude  has  bft 
mined,  the  total  amount  of  light  it  radiates,  or  its  hin 
as  compared  with  the  sun  can  be  computed.     The  Iflf 
of  each  of  the  nineteen  stars  is  given  in  the  fifth  wl'^ 


TaBi-e   XVl 

Stab 

Mao- 

P.»A. 

DlKTA-iCE 

I  L-«.NO«lTr       \lA» 

(I'ame"™) 

'(Si-s^J" 

(Sf^-I) 

<M 

a  Centniiri    . 

OS 

0,7C 

I, .13 

30 

LftliXiide^I.lSo  . 

7.0 

0.40 

3.50 

0,000    ,        7 

SLrLua    .      .     .     - 

0,3N 

4S,0 

3.4 

r  Ceti  .     .     .     . 

3.0 

o.;j3 

3.00 

0,30 

T 

Proryon    .     .     . 

05 

0.33 

3.13 

1.3 

C.  Z.  5''a43  .     . 

0,3a 

0.0117 

1 

t  Eridani  .     .     . 

0.31 

3.33 

0,7'J 

61  Cj-Kni  .     .     . 

5.0 

0.31 

3.33 

0.10      \      T 

L.icaille  9352 

o.is 

3.45 

Pos.  Med.  2104 . 

N.8 

0.39 

3.45 

0,000    1        ? 

(  Indi  ,     .     .     . 

4.7 

0.28 

3.57 

0,35       i       ? 

0.38 

3,.^7 

OA(N.)  17.415 

9.3 

0,37 

0.004            ? 

9-3 

0.20 

3.S5 

0.(M)5    1        f 

AHair   .      .      . 

0,9 

0.24 

fl  ra,faior)Cim 

3.0 

0.30 

500 

1.4         ;      1.0 

4.S 

0.20 

s.mj 

Lalnndc  21.25H 

S.9 

0,20 

5,mi 

OA|N.)  Il,fi77  . 

9.2 

(1,20 

5,0f] 

0,(HI-<    ,        T 

The  10  stars  of  Table  XVI  together  with  our  sun  o 
sphere  whose  radius  is  5  parsees.  If  lliey  were  uir 
distributed  in  this  space,  the  distance  Iictween  ;■ 
stars  would  be  about  3.7  parsees,  or  12.2  light  yeii 
view  of  the  fact  that  a  number  of  stars  in  the  list 
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whocip  masses  differ  very  much  less  than  th^  ,■ 
For  example,  while  the  mass  of  Sirius  is  only  8.    " 
of  the  sun,  its  luminosi  ty  is  48  times  as  great. 
double  star  and  presents  in  its  own  systoo 
remarkable  contrast.     The  mass  of  the  brigb 
is  approximately  twice  that  of  the  fainter  or 
nosity  it  is  at  least  5000  times  greater.     Then 
such  as  Rigel  and  Canopus,  wliich,  though  tfa 
that  no  evidence  of  their  having  ineosuraU 
been  foun<l,  shine  with  the  greatest  brillian 
nosity  must  be  at  least  several  thousand  tim 
In  fact,  the  average  luminosity  of  the  (ft 
unaided  eye  probably  exceeds  thai  of  th( 
dred   fold.     It  must  not  be  assumed  fr 
luminosity  of  the  sun  i.s  below  the  averagi 
in  luminosity  by  only  five  of  the  19  stars 

In  order  to  determine  the  velocity  of  a 
along  and  across  the  line  of  sight  must  be 
motions  of  all  the  stars  in  Table  XVT 
radial  velocities  of  six  of  them  are  unki> 
a  pluM  sign  is  placed  after  the  niunbei 
because  the  radial  component  is  not  kn- 
the  table  that  the  less  luminous  at-*' 
higher  velocities  than  the  brighter  one 
of  those  five  stars  whose  iuminositieN 
miles  per  second,  while  the  average  i 
luminosities  are  less  than  0.01  that  o 
50  miles  per  second.  Since  the  mt 
ahnoat  certainly  the  more  massive,  i ' 
massive  stars  move  more  slowly  thai. 

One  may  inquire  to  what  extent 
conclusions  based  on  only  19  sta' 
hundreds  of  millions  the  number  is  • 
the  conclusions  which  have  been  star 
by  the  evidence  furnished  by  the  ii 
having  smaller  and  less  accurately 


■  Hi 

I.I-  boti 

>■  a(  whi 

I'foarhii 

....|^l  in  tiu 

'  <-  ffUtrn  j| 

tlfc  whcSi 

I,  -  III  the  opp 

,^  ii:-aiL*  that  ] 

'•■■  Tiiri  b  mq 
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Miin  Pirn's  mS 
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The  hypotheses  on  which  this  discussion  hse 
are  not  exactly  fulfilled,  and  the  necessary  moi 
the  proposed  method  must  now  be  considered. 

271.  Motion  of  the  Sun  with  Respect  to  the  S( 
the  stars  are  in   motion,  it  is  reasonable  to  ~ 
the  sun   is  moving  among  them.     Such  was  ' 
the  case  by  Sir  William  Herschel  more  than  a 
He  proved  by  observations  extending  over  mau. 
the   apparent  distances   between  the  stars  ii, 
tion  of   the  constellation   Hercules  arc  incrcb. 
average,  and  that  they  are  decreasing  in  the  exs-  ^ 
part  of  the   sky.     He    interpreted    this   as    tv^^ 
the  sun  is  mtiving  toward  the  constellation  Tf^^ 
it  is  obvious  that  this  would  explain  the 
noraena ;    for,   as    objects    are    approached,    iff 
larger   angles.     While    Herschel's    observation" 
direction    of   motion    of    the   sun,  t-hoy    did   f~* 
speed,  which  could  be  found  by  lhi.i  method"   - 
distances  of  the  stars  were  known.     Since  the 
only  a  few  stars  can  be  measured  directly,  there  ' 
of  determining  the  motion  of  the  sun  in  this  w 
considerable  degree  of  accuracy. 

The  spectroscope  has  been  used  to  determii 
direction  of  the  sun's  motion  and  also  the  ratr 
moves.  Instead  of  finding  as  many  stars  app' 
receding  in  every  part  of  the  sky,  as  was  assumei' 
cussion  in  Art.  273,  it  has  been  foimd  that  the  - 
direction  of  the  constellation  Hercules  on  the 
relatively  approaching  the  sun,  while  those  in  tl 
direction  are  relatively  receding.  This  means 
respect  to  the  stars  which  were  observed  the  suii 
toward  Hercules. 

The  best  determination  of  the  direction  of  the  so 
from  proper  motions  of  the  stars  is  by  Lewis  Bobs, 
his  discussion  on  the  6188  stars  in  his  catalogue. 
spectroscopic  determination  is  by  W.  W.  Cam), 


i»kenupat»"'20  . 

.lu  pureued  it  with 
1  other  nstronomere 
w  the  subject.  It 
,t  work  which  con- 

.  place,  the  proper 
are  obtained  from 

,  position  separated 
toMSet  the  intervlJs 

„,o3detennined.  In 
fundamental  impor- 
the  sun  with  respect 
.mmaybemovuigas 
,  379),  it  follows  that 

„:  motion  of  the  sun 
„!,»  distance!  are 
Vt,  present  the  radial 

,h  magnitude  can  be 

.,«,  and  the  practical 

,,  magnitude.    On  the 


tlif  >\:,i>  Jnwii  lu  iiiasiliilu.li'  .->.:,  by  tl. 
artifU'.  The  brighter  stars  were  not  b 
give  very  reliable  results.  He  found  t 
of  stars  of  magnitudes  4.51  to  5.o0  is  0", 
to  a  distance  of  80  parsers.  This  volii 
that  occupied  by  the  20  nearest  stars,  ajii 
unifonnly  distributed  throughout  it,  tin 
them  down  to  magnitude  5.50  would  b*' 
much  in  excess  of  the  number  actually  obf 

276.  Distances  of  the  Stars  from  the  Mo ' 
The  parallaxes  of  only  a  comparalivoly  sni: 
can  be  measured  directly  bccausu  ihdr  dist' 
mously  great  compared  to  the  diameter  of 
If  the  orbit  of  the  earth  were  an  laipe  as  th;^' 
problem  would  be  much  easier  because  of  tl-i 
which  could  he  used.  But  the  sun's  motion 
afford  an  indefinitely  large  base  line  in  static 
as  will  now  be  shown. 

Suppose  first  that  all  of  the  stars  of  the  obs 
univerae  except  the  sun  are  relatively  at  re? 
of  the  sun  among  them  will  give  them  an  api 
ment,  or  proper  motion,  in  the  direction  opf' 
which  it  is  moving.     The  farther  a  star  is  a^ 
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other  hand,  thf-  dcteniiinalion  of  Ihe  pr 
many  magiiit m l.>  f;iinUT  nlTi-r^  im  ubse 

S76.  Eapteyn'B  Results  Regarding  t 
Sttrs.  —  Aa  will  be  Been  in  Art.  295,  mot 
two  principal  Bpectral  types.    Type  I,  i 
Vega  are  conspicuous  examples,  are  whi 
Their  spectra  are  characterized  by  absoi 
hydrogen  in  their  atmospheres.     They  an 
probably  always  of  large  mass.     Type  II 
stars,  of  which  the  sun,  Capella,  and  Arcti 
The  atmospheres  of  these  stars  contain  ms 

Kapteyn  derived  formulse  giving  the  mi 
all  stars  of  each  magnitude,  and  also  the  n 
stars  of  each  spectral  type  separately.  T; 
Kapteyn's  results  transformed  from  paralla: 
using  Campbell's  more  recent  dctcnninatioi 
motion  of  the  sun. 

Table  XVII 


Dis 


i   Pa  Elf. 


M...,r.,... 

A..S..,« 

fi™"'' 

, 

24.2 

».4 

2 

31.1) 

3 

39.7 

(>4,7 

4 

m.9 

82.!) 

G'l.S 

llNi.3 

6 

8;t,7 

i;ni.:i 

7 

UI7.3 

174,7 

8 

137..5 

224.(1 

9 

17C.3 

287.2 

10 

226,1 

30S.3 

289.8 

472.1 

12 

371.B 

(iO,-..3 

13 

47ti,4 

770,(1 

14 

610.8 

904.!) 

15 

783.0 

127.'i.."i 
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be  Buspectfyl  of  beiag  associatod  with  the  otberB  except  for 
the  equahty  of  ihelr  motions.  For  example.  Sinus  beloogs 
[O  a  group  n  lik'h  includes  five  of  the  stars  in  the  Big  Dipper 
The  beat -kTiijwn  groupof  stars  of  the  tj-pe  under  considera- 
tion compriw-s  part  of  the  Hyades  cluster,  in  the  constellalion 
Taurus,  ami  some  neighboring  stars  scattered  over  an  area 
about  15°  in  'ii:im''ti>r.  This  group,  which  includes  39  knonn 
stars,  was  exhaustively  discussed  by  Lewis  Boss.  The  stars, 
in  their  proper  motions,  all  seem  to  move  along  the  arcs 
of  great  circles.  Boss  found  that  the  great  circles  of  aU 
the  stars  of  the 
Taurus  stream 
intersect  in  a 
common  point 
whose  right  as- 
cension and  dec- 
lination are,  for 
/  thepositionofthe 

/  equinox  in  1875, 

6h.  7.2  m.  and + 
6°  56'.     It  can  be 
/  shown  that   this 

O  '      '  *  Z'   means    that    the 

Fio.  iC9.  —  Components  of  motion  in  moving  groups   stars  of  the  group 
"  ^"*  are     moving    in 

lines  parallel  to  the  line  from  the  observer  to  the  point  of 
intersection  of  the  circles.  That  is,  their  direction  of  motion 
is  defined  in  this  way,  and  since  the  stars  cover  a  consider- 
able area  in  the  sky  the  point  toward  which  they  are  moving 
is  veiy  well  determined. 

It  will  now  be  shown  that  if,  in  addition  to  the  data  already 
in  hand,  the  radial  velocity  of  one  of  the  stars  of  the  group 
can  be  obtained,  then  the  actual  motions,  the  distances,  and 
the  luminosities  of  all  of  them  can  be  deteniiined.  Let  0, 
Fig.  1G9,  be  the  position  of  the  observer  and  OP  the  direction 
of  motion  of  the  stars  of  the  group.    Let  S  be  one  of  the 


■at,.'*''  *»,  "^J  .„_*»■*,„  3, 


.^'  '/"■ 


i^^ 
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while  the  largest  urc  100  times  greater  in] 
than  our  ciwn  Ituninoiy.  Their  masses  rf 
greater  than  that  of  the  sim.  j 

Thp  Urea  Major  gi-oup  of  13  stars  is  | 
system.  It  is  in  the  form  of  a  disk  whori 
4  or  5  parsces  while  its  diameter  is  50  | 
lances  of  the  members  of  this  group  from' 
2.6  parsccs,  in  the  case  of  Sirius,  to  22  pan 
the  Big  Dipper,  and  over  40  parsecs  iit 
Aurigie.  The  luminosities  of  the  stars  v:^ 
than  400  times  that  of  the  sun.  - 

There  is  another  fairly  well-established 
which  was  discovered  almost  simultaned 
Benjamin  Bobs,  and  Eddington.  There' 
probable  groups  in  which  the  proper  mQ 
that  the  results  have  not  been  establishes 
tion.  In  a  universe  of  many  stars  it  ia  ia) 
should  be  many  accidental  parallelism^^ 
motion.  Stars  are  at  present  regarded  as 
group  only  if  there  is  something  quite  disti 
positions  or  motions. 

278.    Star-Streams.  —  In  1904  Kaptejn 
important   iliticoverj-  respecting  the  mo^ 
He  found  thai,  instead  of  moving  st  rui 
stars  belong  to  two  great  streams  haviflL 
tions  of  motion.     Stars  in  all  parts  of  tlij 
tudes  so  far  as  the  proper  motions  &ra 
spectral  types,  partake  of  these  motiODl 
do  not  seem  to  be  local,  so  to  speak, 
the  groups  considered  in  Art.  277,    Yff 
too  far  to  conclude  that  all  the  stare  in  tW 
up  the  Milky  Way  belong  tn  tin 
was  based  on  only  a  few  thousands  of 
himdreds  of  millions  in  the  sky.    It 
Galaxy  is  made  up  of  a  great  many  of  tlii 
ia,  in  fact,  some  reason  to  believe 


me  pcnoa  oi  me  eann  s  revolution  arouna  to 
The  first  question  that  springs  to  the  mind 
stars  travel  in  sensibly  fixed  and  closed  orbits  s 
of  the  planets,  or  move  on  indefinitely  through 
occupied  by  the  stars  without  ever  retracing 
their  paths.  Since  observations  cannot  at  p 
this  question,  the  reply  must  be  based  on  dynam 
tions.  There  is  clearly  no  central  mass  among 
there  is  no  center  about  which  they  seem  to 
with  anj'thing  approacliing  symmetry.  M( 
motions  give  no  hint  that  they  are  moving,  ev« 
around  some  central  mass  or  point. 

The  conclusion  is  inevitable  that  the  stars 
or  leas  irregular  paths,  in  the  course  of  time  prol 
ing  into  all  parts  of  the  sidereal  system.  In  fae^ 
was  likened  by  Kelvin  to  a  great  gas  in  which  i 
respond  to  the  molecules.  When  they  are  faj 
mutual  attractions  are  inappreciable,  just  aa  | 
not  interfere  with  the  motions  of  one  another  4 
times  of  collisions.  If  two  stars  should  collide 
probably  coalesce,  the  heat  generated  by  their  ii 
ing  them  into  the  nebulous  state.     This  would 
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a  velocity  of  only  0.00007  of  an  inch  per  second.  Only 
after  900,000,000  years  at  the  presput  (Ustance  would  tht 
relative  velocity  of  the  two  amount  to  one  mile  per  second. 
Long  before  such  an  immense  time  shall  have  elapsed  ttu? 
sun  and  Sirius  will  bf  far  separated  in  space. 

Now  consulcr  a  group  of  stars,  such  as  the  cluster  in  Taurus, 
traveling  through  the  stellar  system.  So  far  as  their  mutual 
interactions  on  one  another  are  concerned  the  result  is  the 
same  as  though  they  were  not  moving  with  respect  to  the 
other  stars.  lu  their  motion  through  space  they  are  subject 
aa  a  wholf  to  the  changing  attractions  of  the  other  stare, 
and  individually  to  possible  close  approaches.  These  fac- 
tors may  be  considered  separately, 

Tlie  Taui-us  cluster  consists  of  39  (possibly  more)  stars 
which  occupy  a  space  whose  diameter  is  roughly  10  parsecs. 
From  the  liigh  luminosity  of  the  individual  members  of  the 
group  it  is  reasonable  to  suppose  that  they  have  large  masses, 
and  it  will  be  supjjosed  that  they  average  10  times  the  sun 
in  mass.  It  will  Iw  assumed  that  their  motions  are  such 
that  they  arc  neither  simply  falling  together  nor  scattering 
more  widely  in  space,  and  that  they  are  distributed  uniformly 
throughijii!  the  volume  wliich  they  occupy.  That  is,  if  is 
assumed  thai  there  is  a  balance  (speaking  roughly)  between 
the  gravitational  forces  among  them  and  the  centrifugal 
forces  due  to  their  relative  motions.  With  these  data  and 
assumptions  their  maximum  velocities  with  respect  to  the 
center  of  gravity  of  the  group,  and  the  time  required  for  one 
of  them  to  move  from  one  border  of  the  group  to  the  oppo- 
site, can  he  computed. 

It  is  found  that  the  velocities  of  the  stars  of  the  group  with 
respect  to  their  center  of  gravity  will  always  be  less  than 
0.4  of  a  mile  per  second,  and  this  maximum  will  be  approached 
only  very  infrequently.  If  their  masses  are  comparable  to 
that  of  the  sun  instead  of  being  10  times  as  great,  the  veloci- 
ties relative  to  their  center  of  mass  will  always  be  less  than 
0. 13  of  a  mile  per  second.     Consequently,  the  internal  motions 
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m  ,-imply  a  much  larger  sys- 

I ;  'im  all  other  systems,  it  will 

!  irical  form.     Its  irregularities 

that  its  age  is  not  indefinitely 

■■■essary  conclusion  if  there  were 

■-■  even  probability,  of  the  exist- 

i  'Hir  own  near  which,  or  through 

ivals  of  time  of  a  higher  order 

.ir  considered.     These  families  of 

II  larger  systems,  and  so  on  with- 

iinpossible  to  conclude  from  the 

iMids  or  galaxies  that  they  have 

in.     It  should  be  added  at  once 

.  believe,  chiefly  on  the  basis  of  the 

■  of  the  stars,  that  they  have  not 

h  lime. 

»eti  possible  to  answer  the  more  ambi^ 

1  have  been  raised,  there  remain  others 

I  interest.     For  example,  suppose  that 

B  region  occupied  by  the  stars  they  are 

p  near  the  sun ;  that  is,  that  there  are 

9  whose  radius  is  5  parsecs.     Suppose, 

8  equilibrium  between  the  attractive  and 

So  far  as  these  assumptions  approximate 

i  a  relation  between  the  dimensions  of  the 

I  and  the  mean  velocity  of  stars  at  its 

■ilics  depend  upon  the  star  density  and 

f  itiv  region  which  they  occupy.     Inasmuch  aa 

■  in  the  neighborhood  of  the  sim  and  the 

■  (he  stars  have  been  determined   by  observa- 

t»*nt  of  the  whole  system  can  be  computed. 

t  (Op'Stem,  which  is  far  from  the  borders  of  the 

I  be  supposed  to  be  approximately  at  its  center, 

I  velocity  of  the  stars  near  the  sun  is  about  22  miles 

This  fact  and  the  assumptions  which  have  been 

mplv  that  the  radius  of  the  Galaxy  is  about  1100 

2k 
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conmderable  fraction  of  this  distance  tin-  attra 
great  mas»  uf  stars  in  the  Galaxy  will  have  radia 
and  possibly  reversed,  its  motion. 

While  the  stars  of  the  cluster  pass  close  to  otL  | 
after  very  long  intervals,  they  are  continuall 
slight  disturbing  forces  which  affect  them  f 
equally.     This  results  in  a  slight  tendency  fc- 
members  of  the  group.     One  might  be  tempte 
from  the  fact  that  it  is  still  very  coherent  that 
be  counted  in  hundreds  of  milUons  of  yearb 
But  it  is  impossible  to  determine  how  many 
longjng  to  it  have  been  torn  from  it  by  near 
other  stars,  or  how  many  of  the  smaller  origi 
been  thrown  to  its  borders  by  its  internal  ii 
then   removed   by   the  differential  attractit- 
bodies,  or  how  much  more  condensed  it  maj 
been.     In  short,  no  certain  conclusions  reapc 
one  of  these  moving  clusters  can  be  drawn  f; 
ties  of  the  motion  of  their  members  at  preeE^^ 

It  is  now  pos^bte  to  pass  to  the  consideraP^ 
sidereal  system.  The  star-streams  diacoVf 
and  the  form  of  the  Galaxy  suggest  that  it  to*" 
of  many  vast  star  clouds  which  move  at  lei 
in  the  plane  of  the  Milky  Way.  There  is  aV 
for  the  mutual  interactions  of  the  memlll 
cloud  to  reduce  it  to  the  spherical  or  a 
form.  Moreover,  the  stars  of  smaller  n 
greater  velocities  at  the  expense  of  the  1 
in  a  mixture  of  gases  of  molecules  of  c 
lighter  ones  on  the  average  move  faa 
ones.  The  fact  that  the  individual  s 
spherical  would  argue  that  they  have  notk( 
the  sj-mmetrical  form  of  equilibrium,  if  it 
fact  that  their  passage  through  and  net 
clouds  may  occasionally  introduce  great  ii- 

But  ail  the  star  clouds  which  together  qo< 
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"pareecs  and  that  the  tot.il  i, 

■s,  either  tJie  rro- 

Although  the  assumptitm 

rtJaxv-  entirely, « 

the  fact*,  it  is  believed  !li 

ne  more  and  more 

order  of  magnitude.     Anl 

n  of  its  parts. 

time  required  for  a  star  li 

-tars  at  once  niifio. 

to  the  opposite  is  apprixi 

u-  G&lnxy,  perhaps 

this  is  probably  less  than  : 

'».-«  have   been  dc 

have  traveled  in  geologir:ii 

nrst  alternative  is 

the  boundaries  of  the  stil! 

it   first   to  be  im- 

Whatever  may  have  !  >■ 

li  .lis  time  required 

star,  these  results,  thoupli 

■:  to  another.     But 

numerically,  imply  that  ti, 

leave  our  Galaun*, 

able  mixing.     So  far  as  i  ■ 

^  might  not  eqtmlBr.    j 

process  will  continue  in  1 1 

^^^H 

form  the  Milky  Way  will 

for  if  a  large^^^l 

and  the  motions  of  the  st:i  r 

.-locity  of  the  ^^m 

.      of  smaller  muss  will  acqiir 

-  -.^f  favorable  ^0^^ 

ones,  at  rare  intervals  ev.  i 

;li  velocities  which 

star,  and  possibly  at  'mlr< 

Jogous  to  the  de- 

'      Galaxy  will  encounter  otln 

..  cases  in  a  mixture      ) 

and  made  irn^gular  by  thi  i 

highest  velocities. 

280.   Runaway  Stars. 

-  ;hat  the  intervals 

of  a  large  group  of  stars  i-  ■  ■ 

.:.it  the  process  de-      ' 

motions,  the  epectroscop- 

,f»  astronomers  in 

which  the  stars  move,      i 

.rmine  from    their 

near  the  sun  is  about  l.s 

,  jad  the  velocities 

22  miles  per  second.     Thi- 

^h  of  time  during 

or  one  parsec  in  about  27, n 

--  been  subject  to ] 

The  stars,  however,  d<>  i 

^MM 

mately  the  same  velocity 

^  the  most  wt^^H 

are  evidenced  both  by  llii 

sm  globular  8^H 

radial  velocities,     The  sin i 

pwrally  l<^ss  than        ! 

motion,'  namely,  8".7  p<; 

^.f^rai  diameter  of 

^f  10  the  unaided 

'  ProtcBBor  BBmnrd  hns  ju^i 

_^^iowsthat  they 

star  in  OphiuchuB  whose  aiiuu  i! 
baa  not  yot  b«un  measured. 
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and  by  oetronomci-s  is  known  as  C  Z.  5  h.  243,  or  No.  243  I 
in  the  fifth  hour  of  right  ascension  in  the  Cordoba  Zone  ' 
Catalogue.     It  was  discovered  by  Kapteyn  in  1897  from  the 
measurement  of  plates  taken  by  Gill  and  Innes  at  the  Cape 
Observatory,  in  South  Africa.     Its  actual  velocity  is  170 
miles  per  second,  or  nearly  8  times  the  average  velocity  of 
the  stars.     The  star  known  rs   1830  Groombridge  has  a 
proper  motion  of  7"  per  year.      Its  parallax,  which  ia  not 
yet   accurately   known,   can   scarcely  exceed  0".l   and  its 
velocity  pi-obably  exceeds  200  miles  per  second.     The  star  J 
61  Cygni  ia  another  one  in  Table  XVI  which  moves  at  a  high  1 
speed,  though  its  velocity  ia  exceeded  by  the  velocities  of  j 
quite  a  number  of  other  known  stars. 

The  stars  having  high  velocities  are  called  "  runaway  ^ 
stars  "  because,  unless  they  pass  very  near  other  stars  i 
their  journey  through  space,  they  will  escape,  like  molecules 
from  a  planet,  from  the  gravitative  control  of  the  stars  which 
constitute  the  Galaxy,  and  will  recede  from  them  forever. 
This  conclusion  is  inevitable  unless  the  total  mass  of  the 
sidereal  system  is  much  greater  than  has  hitherto  been  sup- 
posed. Even  if  the  extravagant  assumption  is  made  that 
there  are  1,000,000,000  stars,  each  as  masave  as  the  sun,  ia 
a  spherical  space  whose  radius  is  1000  parsecs,  it  is  found  that 
a  star  moving  through  its  center  with  a  speed  exceeding  72 
miles  per  second  will  entirely  escape  from  the  system  unless, 
in  its  journey  toward  the  surface,  it  passes  near  at  least  one 
other  star  in  a  particularly  favorable  way  so  that  its  velocity 
is  much  reduced.  Since  the  probability  of  such  a  near  ap- 
proach is  very  small,  we  are  forced  to  the  conclusion  that  these 
stars  with  high  velocities  are  only  temporary  members  of  our 
Galaxy.  The  only  alternative  is  that  the  mass  of  the  sys- 
tem is  at  least  10  times  as  great  as  has  been  estimated. 

If  the  total  mass  of  the  stellar  system  is  greatly  in  excess 
of  the  estimates  which  have  been  made,  the  resulting  attrac- 
tive forces  are  greater  th>"i  tho  centrifugal  forces  due  to  the 
average  motiona  ' '  refore,  the  stars  must  J 
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There  is  no  doubt  that  the  paths  of  the  stars  eventually 
curve,  but  the  time  covered  by  our  observations  is  as  yet  far 
too  short  for  us  to  detect  these  deviations.  It  compares 
with  the  vast  intervals  required  for  the  stars  to  move  across 
the  sidereal  universt;  as  one  tenth  of  a  second  compares  with 
the  period  of  the  earth's  revolution  around  the  sun. 

The  first  question  that  springs  to  the  mind  is  whether  the 
stars  travel  in  sensibly  fixed  and  closed  orbits  similar  to  those 
of  the  planets,  or  move  on  indefinitely  throughout  the  region 
occupied  by  the  stars  without  ever  retracing  any  parts  of 
their  paths.  Since  observations  cannot  at  present  answer 
this  question,  the  reply  must  be  based  on  djniamicat  considera- 
tions. There  is  clearly  no  central  mass  among  the  stars  and 
there  is  no  center  about  which  they  seem  to  be  distributed 
with  anything  approaching  symmetry.  Moreover,  their 
motions  give  no  hint  that  they  are  moving,  even  temporarily, 
aroimd  some  centra!  mass  or  point. 

The  conclusion  is  inevitable  that  the  stars  describe  more 
or  less  irregular  paths,  in  the  course  of  time  probably  extend- 
ing into  all  parts  of  the  sidereal  system.  In  fact,  the  Gala^ 
was  hkened  by  Kelvin  to  a  great  gas  in  which  the  stars  cor- 
respond to  the  molecules,  When  they  are  far  apart  their 
mutual  attractions  are  inappreciable,  just  as  molecules  do 
not  interfere  with  the  motions  of  one  another  except  at  the 
times  of  collisions.  If  two  stars  should  collide  they  would 
probably  coalesce,  the  heat  generated  by  their  impact  chang- 
ing them  into  the  nebulous  state.  This  would  be  quite  dif- 
ferent from  an  elastic  reljound  of  molecules.  But  actual  col- 
lisions would  be  excessively  rare  and  near  approaches  would 
be  relatively  much  more  frequent.  A  near  approach  ia 
dynamically  equivalent  to  an  oblique  impact  of  perfectly 
elastic  bodies,  as  is  illustrated  in  Fig.  170.  In  this  ^;ure 
C  is  the  center  of  gravity  around  which  as  a  focus  the  two 
masses  (assumed  equal)  descrilw  hj-perbolas.  It  is  easy  to 
see  that  the  motion  before  and  after  near  approach  is  similar 
to  that  of  two  elastic  spheres  colUding  a  tittle  to  the  right  of 
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their  respective  centers.  Conaequentiy  there  are  some  good 
grounds  for  comparing  the  sidereal  system  to  a  vast  mass  of 
gas- 
There  are,  however,  fundamental  differences  between  a 
gas  and  the  stellar  system.  In  a  gas  the  collisions  are  the 
important  events  in  the  history  of  a  molecule,  and  are  the 
only  appreciable  factors  which  influence  its  motion.  In  the 
stellar  system  the  near  approaches  of  a  given  star  to  some 
other  one  are  excessively  rare, 
and  the  attraction  of  the  whole 
system  is  the  primary  factor 
determining  the  motion  of  the 
individual  star:  Or,  more 
particularly,  a  molecule  in  a 
vessel  of  ordinary  gas  has 
thousands  of  millions  of  col- 
lisions with  other  molecules 
per  second,  while  the  attrac- 
tion of  the  whole  mass  has  no 
appreciable  effect  on  its  mo- 
tion. But  in  the  sidereal 
system,  a  star  will  in  general 
travel  several  times  from  one 
of  its  visible  borders  to  the  Fio. 
opposite  one  without  once 
passing  near  enough  to  an- 
other star  to  have  its  motion  radically  altered  by  the  latter, 
while  its  motion  is  controlled  by  the  attraction  of  the  whole 
mass  of  stars. 

It  is  difficult  to  realize  the  great  distances  which  separate 
the  stars  and  how  feeble  are  the  forces  with  which  they 
attract  one  another.  If  the  earth  were  at  rest,  it  would  fall 
toward  the  sun  less  than  one  eighth  of  an  inch  the  first  second. 
The  distance  of  the  relatively  near  star  Sinus  is  500,000 
times  as  great ;  and  in  spite  of  the  fact  that  its  mass  is  3.4 
times  that  of  the  sun,  in  a  whole  year  it  would  give  the  sun 
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.  :!i  ."»  parsers  of  the  sun ;  what  is 
■''  stars? 

IhTSflul's  obstTvations,  Art. 
Alii^'li  hv  fln'w.     If  this  eonclu- 
■**I)U'd? 

in-cl  witli  an  error  not  rxcfcding 

M  Ik-  (Ifterminod  with  this  dc^jn'o 

J7"»  in  UK)  years? 

■  wo  .stars  an*  nioviny:  in  parallel 

ii'li  thty  apparently  move,  as  seen 

:  whose  direction  from  th<'  earth  is 

N:cive  (Art.  277). 

in  is  somewhat  1k*1ow  the  average  of 

hilt  an>  the  probabilities  of  the  rela^ 

•  iln-  ol>served  stars? 

\y  is  1100  parsers  (end  of  Art.  270), 

■  :jI  its  present  sptrd  to  pass  from  the 

'its  borders? 

r  ISiO  Groombridgi'  is  2(X)  miles  ]K»r 
.  how  long  will  Im'  reqiiin'd  for  it  to 
II  li  our  Galaxy  will  apiK>ar  as  a  hazy 


.ii  s.  and  if  the  distances  Ix'tween  them 
^  like  the  distances  lK;twtH>n  the  stars 
'  t  ln»  stars,  how  long  will  Ix'  n>quire<l  for 
I  our  Galaxy  to  another? 


Thk  Stars 

A  few  double  stars  bav(»  b(»en  known 

lion  of  the  telescope,   but    William 

'<fronomer  to  search  for  them  svs- 

un*  the  distances  and  th(^  directions 

!  I )  one  another.     His  j>uriM>se  in  meas- 

II nine  the  parallax  of  th(»  nearest  ones 
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as  the  square  of  the  distance  from  the  ceni 
second,  it  varies  directly  as  the  distance  £0 
In  a  cluster  whose  radius  is  5  parsecs  and  1 
50,000  stars,  each  having  the  mass  of  the  sd 
quired  for  a  star  to  move  from  the  surface  \ 
the  first  case  is  nearly  800,000  years,  and  ia 
1,100,000  years.  The  actual  time  is  of  the  oi 
years.  Since  thousands  of  these  excursions  1 
sary  to  reduce  a  group  of  stars  with  considei 
ties  in  distribution  to  the  symmetrical  form 
age  of  these  systems  must  be  enormous.  0 
excursions  from  the  periphery  to  the  center  ; 
require  1,000,000,000  years.  It  is  improl 
number  is  too  large  (it  may  be  many  times 
it  follows  that  either  the  stars  exist  an  enc 
luminous  bodies,  or  much  of  the  dynamical  ( 
clusters  was  comj^letod  before  the  star  st 
there  has  been  sueh  a  ])reee(linp;  si  ag(\  And  i 
from  the  symmetry  of  the  elusters  that  for  ai 
of  millions  of  years  tliev  Ikivc  not  ])assed  nea 
No  rai)itl  motions  of  stars  in  the  globular  c 
expected.  With  50, ()()()  stars,  each  ecjual  to  t 
distributed  uniformly  throughout  a  s])here 
5  parsees,  the  veloeity  of  a  ])ernianent  meml 
at  its  cent(»r  would  be  only  a])oiit  4  miles  pei 
the  actual  elusters  liave  strong  central  coi 
velocity  for  the  idc^al  ease  would  l)e  consid* 
by  stars  near  their  centers.  Su})j)os(^  they  n 
per  second  at  right  angles  to  the  line  of  sight, 
of  1000  parsecs  tluy  would  move  with  resp( 
of  the  cluster  only  one  second  of  arc  in  300  ye 
if  the  a,ssumj)ti()ns  as  to  the  distance  or  m; 
the  result  will  be  wrong,  and,  Ix'sides,  a  cert  a" 
of  the  stars,  especially  those  of  smallest  1 
motions  in  excess  of  the  mean  velocities.  B 
able  that  relative  motions  of  the  members 


Miili  :i  Lir^-'i'  rnniil"TMf  sUirssu  nearly  lu 
llic  i-artli  would  have  shiiwn  him  thui 
imity  could  not  be  accidental.     He  rea 
in  a  few  years,  for  his  obsen'ationa  nu 
siderable  number  of  cases  that  the 
revolving  around  their  ccnler  of  grav-il 
of  all  stars  consisting  of  single  primary 
by  families  of  planets,  there  are  many 
of  approximately  equal  mass  and  dimc^ 
know,  they  may  or  may  not  have  plan 
such  small  objects  shining  entirely  by' 
be  beyond  the  range  of  our  teleacopes 
thousand  times  more  powerful  than  anj 
The  names  that  stand  out  most  promt 
star    astronomy   of    the    nineteenth    d 
Struve,  Dawes,  John  Herschel,  and 
ham's  great  catalogue  of  double  atsrs 
descriptions  of  alwut  13,000  of  these  obj 
ones  are  constantly  being  discovered, 
heavens  have  now  been  very  thoroi 
powerful  telescopes.     At  the  Lick  Obw 
the  whole  heavens  to  at  least  —14"  di 
by  Hus.sey  and  Aitken  am!  completed  J 
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years,  for  Delta  Aquilffi,  to  hundreds  and  j$ 
of  years.     The  planes  of  their  orbits 
angles  to  the  line  joining  them  with  the  €k 
rule,  we  see  their  orbits  in  projection.     Lb^ 
42  Com®  Berenices  is  sensibly  edgewise  t 
most  interesting  things  about  the  orbits  « 
they  are  generally  considerably  eccentric.  -. 
in  See's  list  the  average  eccentricity  was  0.-  - 
that  of  the  planetary  orbits.     The  orbit  «* 
Gamma  Virginis  has  an  eccentricity  of  0.9,. 
greatest  distance  of  the  two  members  of  i 
other  is  19  times  their  least  distance. 

284.   Masses  of  Binary  Stars. —  The 
planets  which  have  satellites  are  found  frc 
distances   of    their   respective    satellites 
masses  of  Mercurv  and  \>nus  are  found 
tions  for  other  bodies,  especially  comets 
celestial  bodies  are  found  onlv  from  their  i 
bodies.     It  is  evident,  thc^rcfore,  tliat  the  i 
remote  from  all  other  visi])le  bodies  canr 
when  the  dimensions  of  the  orbit  and  th 
tion  of  a  binary  pair  are  known,  their  cod 
computed  just  as  the  mass  of  a  planet  is  i 

The  periods  of  binary  stars  are  det 
observations  of  their  apparent  positions 
of  the  orbit  of  a  binary  pair  can  be  deti 
apparent  distance  apart  and  their  distal 
The  chief  difficulty  lies  in  the  problem  of  fij 
for  only  a  small  number  of  stars  are  witl 
tance  from  the  sun. 

Those  l^inary  stars  whose  periods  and  c 
with  sufficient  approximation  to  make  tl 
tions  of  value  are  given  in  Table  XVIII. 
those  whose  parallaxes  arc  less  than  0".2 
uncertainty,  and  the  probable  error  is  grc 
are  less  than  0".L 
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886.  Spectroscopic  Binary  Stars.  —  The  si 

contributed  very  important  results  to  the  s 
stars.  Its  appUcation  depends  upon  the  fact 
the  observer  to  determine  whether  a  source 
proaching  or  receding  (Art.  226).  Suppose 
motion  of  a  binary  system  passes  through  t 
represented  in  Fig.  172.  When  the  stars  are  i 
A  and  B,  one  is  receding  from,  and  the  other 
toward,  the  earth.  If  they  have  similar  spe 
trum  of  the  combined  pair  will  consist  of  doi 


TO  £ 


3 

Fig.   172.  —  Orbit  of  a  spectroscopic  binarj' 

173),  for  the  lines  from  one  will  be  shifted  t 
while  the  lines  from  the  other  will  be  displac 
violet.     When  the  stars  have  made  a  quarter 
around  their  center  of  gravity  O  and   liave 
and  B'f  the  lines  will  not  be  displaced  l^ecaii? 
neither  approaching  toward  nor  receding  frori 
After  another  quarter  of  a  revolution  they 
again  because  A  will  be  approaching  and  B  r< 
The  data  furnished  in  this  way  l)y  the  sp 
very  important  because,  in  the  first  phice,  thi 
the  lines  detennines  the  relative  velocity  of  th 
orbits.     This  is  true  whether  the  system  as  ; 
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e  of  the  aim,  it  seenis  probable  that  the  orbit  of  the  pair  \ 
■so  inclined  that  the  computed  masses  are  much  too  small, 
iPoiam.  The  pole  star  has  two  darker  companions  dis- 
wered  spectroscopically  by  Campbell  in  1889,  One  is  very 
e  to  the  bright  star  and  revolves  around  it  in  a  period  of 
Rittle  less  than  4  days,  while  the  second  companion  is  much 
lore  distant  and  requires  about  12  years  to  complete  a 
(Volution.  These  stars  arc  all  quite  distinct  from  the  faint 
l^escopic  companion  to  Polaris. 

>  Alpha  Cenlauri.  Alpha  Centauri  is  at  the  same  time  a 
Hsual  and  a  spectroscopic  binary.  Moreover,  its  parallax 
1  been  very  accurately  determined  by  direct  means,  so 
lat  the  actual  distance  of  the  components  from  each  other 
ind  their  masses  can  be  determined  (Table  XVIII).  Since 
the  same  results  can  be  determined  spectroscopically,  their 
comparison  affords  a  valuable  check  on  the  accuracy  of  the 
results.  The  spectroscopic  data  were  obtained  by  Wright 
at  the  branch  of  the  Lick  Observatory  in  South  America, 
and  the  results  obtained  from  them  agree  almost  exactly 
with  those  based  on  other  methods.  But  the  spectroscope 
gives  the  additional  fact,  which  cannot  be  determined  other- 
wise, that  Alpha  Centauri  is  approaching  the  sun  at  the  rate 
of  13.8  miles  per  second. 

287-  Variable  Stars.  —  A  star  whose  brightness  changes 
is  said  to  be  a  variable.  The  first  known  variable,  Omicron 
Ceti,  was  discovered  by  Fabricius  in  1596.  The  variabihty 
of  Algol  was  definitely  announced  by  Goodricke  in  1783, 
though  it  seems  to  have  been  noticed  a  century  earher. 
The  following  year  he  recorded  the  variability  of  Beta  Lyne. 
But  variable  stars  were  not  discovered  in  any  considerable 
numbers  until  toward  the  close  of  the  nineteenth  century. 
Now  more  than  3000  of  these  objects  are  known  in  addition 
to  those  which  have  been  found  in  considerable  numbers  in 
80me  of  the  globular  star  clusters.  Some  of  them  vary  regu- 
larly and  periodically,  with  periods  ranging  from  less  than  a 
day  to  more  than  two  years ;  others  vary  irregularly  with- 


of  .-^liort  ](ciii.d  ill  wliiuh  Loth  sp.Tl  i:i  arc  .ihscrvwL. 
fore  Mizar  is  a  visual  double  earii  cif  whose  com|i\ 
spectroscopic  binary,  and  the  neighboring  Aloui 
binary. 

Spica.  One  of  the  earliest  known  spectroaoo^ 
is  tbe  first-magnitude  star  Spira  whose  spectral 
found  to  vary  by  Vogei  in  ISCO.  Thn  speclr 
fainter  component  has  also  been  ohstTved.  XL' 
the  pair  is  4  days,  their  mean  dLwlanw  from  wi. 
about  11,000,000  miles,  and  their  nuisscs  (neglect, 
Bible  reduction  due  to  the  inclination  of  thtjr 
respectively  9.6  and  5.8  times  that  of  the  sun.  '1 
is  receding  from  the  sun  at  about  1,2  miles  per  a*- 

Capella.  The  first-magnitude  star  Capella  i; 
Bcopic  binary,  the  spectra  of  both  stars  being  visil  ■ 
the  period  is  104  days  and  the  mean  distance  (ji- 
reduced  by  ihe  inclination  of  the  plane  of  the  c-. 
50,000,000  miles.  With  these  data  the  masses  o 
are  found  to  be  at  least  1.2  and  0.9  that  of  the  s 
orbit  has  a  very  small  eccentricity.  These  stn 
ceding  fro-n  the  solar  system  at  the  rate  of  near' 
per  second.     The  parallax  of  Capella  has  been  ii 
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out  any  apparent  rule  or  order.  Some  tit 
for  a  Bhort  time  and  then  sink  back  mor 
manent  oblivion.  It  is  certain  that  the  h 
star  varies  slowly  because  of  its  ohunging 
sun,  if  for  no  other  reason,  but  there  if 
evidence  of  a  change  for  this  reason. 

Variable  stars  are  classified  according ' 
of  their  light  changes,  and  the  principal  ty 
in  the  following  articles.  It  must  be  reD' 
that  variable  stars  are  strange  objecta 
merous  exceptions  to  all  rules. 

288.   Eclipsing  Variables.  —  If  the  pin 
binary  pair  passes  verj'  nearly  through 


■ 


Fio.    175.  —  LiRhl  c'urvp  nf  (jiiiual  eclipsing  Yi 


except  when  the  brighter  star  is  eel  ipt" 
begins  to  eclipse  the  brighter  one,  .he 
rapidly  until  the  time  of  greatest  ol  icin 
a  rule  the  star  rapidly  regains  its  n  in" 
ever,  in  some  cases  the  dark  star  j  v 
eclipse  persists  for  a  considerable  ti  m- 
reroains  at  minimum  for  a  few  i  in> 
hours. 

The  variability  in  the  brightni 
by  a  curve.     In  Fig.  175  the  c\ 


tliat  they 

,iirimiire(l 


II 


il  i-  :,  ^"■'■'i"-'-"!'i'-  l'in:iiy.  }h-  fuumi  that 
ni;isri  of  the  ^ysti-m  is  two  thirds  that  of  the  s 
star  has  twice  the  mass  of  the  darker  one,  th 
tween  their  centers  is  about  3,000,000  milea, 
of  the  stars  are  about  1,000,000  and  800,000  B 
deiLsity  is  about  one  fourth  that  of  the  sui 
found  that  for  the  simJlar  system  Delta  libta 
also  one  fourth  that  of  the  sun. 

There  are  several  variations  from  the 
variable.  In  one  the  stars  are  of  unequal 
bright.  Then  each  eclipses  the  other,  but  1 
is  different  in  the  two  eclipses,  and  the  li^' 
minima  of  different  depths.  There  are  ofi 
which  have  not  yet  been  explained.  Some) 
increase  sUghtly  for  a  number  of  years  Bii 
again,  showing  possibly  the  presence  of  a  thi> 
times  the  minima  as  determined  photogr: 
occur  at  the  times  found  by  \4sual  observal  ■ 

289.    Variable  Stars  of  the  Beta  Lyrae  ' 
stars  of  the  Beta  Lyr«  type   are  closely 
which  have  been  considcretl ;  in  fact,  the  dj 
the  two  classes  seems  to  l>e  disappearing. 
continuously  from  maximum  to  minimum  : 
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caliy  with  the  periods  of  their  light  variations.     Tht ., 
coocluaon  has  been  that  they  are  spectroseoiMc  tniuii- 
that  the  changes  in  light  are  abnormal  eclipee  pbetJ 
"While  the  light  changes  and  spectral  shifts  agree  iii 
they  absolutely  (bsaRree  in  phase.     That    is,    inii 
the  spectroscopic  data  in  the  ordinar>-  way.  these 
brightest   when   the   principal   stars   arc   approacir 
observer  and  faintest  when  they  are  receding,  iu 
having  their  minima  when  they  are  eclipsed.     1" 
there  are  inconsistencies  in  the  interpretations,    i 
questionable  whether  eclipses  have  anjihing  wbatc. 
withth. 
nations 
stars.    .' 
of  other 
tionfl  It^ 
SUggOBl 
most  pi.' 
which  12 
light    v: 
are   du»' 
tcmal 
tions  of " 
produi 

hnp.s  by  collisions  with  masses  of  planetan,-  dimen^ 
has  been  found  that  very  moderate  oscillations  wouhl 
for  the  variations  in  the  rates  of  ra<liation.  Acco 
this  hypothesis,  the  shifts  of  the  spectral  lines  are  }• 
partly  t)y  internal  motions  of  the  stars  iind  partb 
effects  <if  aherations  in  pressure  of  the  radiating  pn 
291.  Variable  Stars  of  Long  Period.  —  .\  maj> 
variable  stars  belong  to  the  cla.ss  whose  periods  ran 
50  to  several  hun<lrcd  days.  They  are  not  periorii 
strict  use  of  the  term  which  is  applicable  to  the  Algol  v' 
yet  their  light  varies  in  an  approximately  periodic  ■ 
But  the  intervals  between  maxima,  or  between  mim 
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the  remarkable  fluctuations  which  an 
stars  of  this  class. 

292.  Irregular  Variable  Stars.  —  In  »  ' 
of  variaitk-  stars  so  far  eaumerated, 
variations  have  no  scmhiance  af  pi:i*  •^  i&stt  2D,OOI>  Ul  I 
out  nilh  relatively  great  brilliancy  itl*  sri  ai  its  fig^ari  I 
counted  in  yeATS.  These  stars  are  gp^^  Baiputod^oraar  I 
red.  Others  unaccountably  fade  awja^ '  *'»ad»»h" 
Bometimes  become  invisible  througJii^iA'  «**«■  ite  ■ 

though  they  had  been  ordinarily  vi^ltioi^ r     »*  afcawm  a  ^ 

These  stars  are  sometimes  assodatlsl '•'- 

with  faint  nebulous  masses.  •''"' 

293.  Cluster  Variables.  —  A  very" 
portant  disc6ver>-  was  made  in  tht-  d  _ 
teenth  century  by  Bailey  at  the  SoU'  ^^ 
the  Harvard  01>servatory.  He  fou_^_-i 
globular  cluster,  Omega  Centauri,  t|t^ 
out  of  the  3000  which  he  examined,  ^-r 
omers  have  found  similar  variable*  ^^-" 
stiir  clusters.  In  a  given  cluster  Un*""^ 
nearly  the  same,  usually  a  mngnitiifl'^^ 
of  the  light  variation  is  essentially  ^^^**i"l"^™-  Sboflh- 
are  approximately  the  some,  geoel\  ##  '**  "^  Nova  Aorigs, 
Their  light  curves  are  closely  nuiflfl^^P^V^*''  *l>ose  sper- 
of  the  Delta  Cephei  type,  and  it  is  1^***  ''*»**  ">d  bright 
the  cluster  variables  should  be  coi'  ^  3*  fcpiwreroeat  of  the 
The  brightness  increases  with  gf^^  *  ^  I^'Ppler-Raeaa 
minimum  to  a  luminosity  at  maxjlh^^rf***'^  ^^  miles  per 
as  great.  Then  they  diminiah  Dj^^«tfc*s»oie  basis,  an 
slowly  to  their  minimum,  at  W^^4*S*"***^  P^r  second. 
stationary  for  a  few  hours  at  mfl^^i**^  """rrvctDess  of 

The  approximately  equal  nerity  ^.jr^^P*^"*"  i^at  hand, 
of  the  cluster  variables  indicate  ^^  ^i^'"  Sf"*""^'-  As 
alike  in  spite  of  the  enormous  dist^^^^  •"  ****'  "*nght  lines 
Possibly  they  were  once  much  m^^^**i»  **""  '»<"'■»  the>- 
some  extent  because  of  slight 
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it  was  brighter  than  Capella,  while  an  examination  < 
pbotograpbe  of  the  region  taken  by  Pickering  and  by  8 
Williams  showed  that  on  the  19th  it  was  not  brightai 
the  12th  tn.i|rnitu(ie.  In  the  short  space  of  four  ^ 
rate  of  radiation  bad  increased  more  than  20,0dA 
Twenty-four  hours  hiter  it  lost  one  third  of  its  ti|£l 
within  a  year  it  had  dwindled  to  the  12th  magnitudMi 
the  limits  of  visibility  with  a  telescope  of  con.iideraI^fry 
Its  light  cur\i'  for  the  first  three  months  after  its  r 
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Fia.   179.  —  Light  curve  of  Nova  Pcrsti. 

stars  which  were  observed  early)  dark-lino  spectra.  ^ 
thereafter  bright  hnes  appear.  In  the  fawe  of  Nova 
discovered  in  1892,  and  the  first  tein]X)rary  star  who- 
trum  was  examined  in  any  detiiil,  the  d;irk  hnes  am 
lines  were  both  visible  at  one  time.  The  ihsplaeemep 
bright  lines  showed,  on  the  basis  of  the  Doppler- 
principie,  a  velocity  away  from  the  eiirth  of  over  200  n- 
second,  while  the  dark  lines  showed,  on  the  same  b 
approach  toward  the  earth  of  more  than  3(K)  miles  per 
There  are  abundant  grounds  for  <ioubfing  the  correc 
this  interpretation,  but  no  satisfactory  explanation  is  ;i 
These  phenomena  are  characteristic  of  novfe  in  gener 
they  become  fainter  the  dark  lines  vanish  ami  the  bris 
characteristic  of  nebulte  appear,  except  that  in  the  no\ 
are  broad  while  they  are  narrow  in  the  nebulse. 
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Type  I,  in  Secchi's  eyatem,  includes  Types  B  and  A  of 
the  Harvard  system.  Type  B  is  often  called  the  Orion  type 
because  of  the  abundaDcc  of  these  stars  in  Orion,  or  the 
helium  type,  lieoaiise  the  absorption  lines  are  due  almost 
entirely  to  heliirni,  while  the  metallic  lines  which  are  cliar- 
acteristic  of  the  sun's  spectrum  are  absent.  The  Type  A, 
or  Sirian  stars,  are  characterized  by  strong  hydrogen  absorp- 
tion lines  in  their  spectra,  and  almost  complete  absence  of 
metallic  lines. 

Type  II.  The  stars  of  the  second  type  are  somewhat 
yellowish  ;  they  are  called  solar  stars  because  their  spectra  are 


similar  to  that  of  the  sun.  That  is,  the  lines  of  helium  are 
absent,  the  lines  of  hydrogen  are  still  present,  and  there 
are  many  fine  metalUc  lines.  The  stars  of  the  second  type 
are  about  as  numerous  as  those  of  the  first  type. 

Secchi's  second  type  includes  three  classes  of  the  Hani-ard 
system.  Those  nearest  like  the  Sirian  stars  are  called  Type 
F,  or  the  calcium  type,  In  their  spectra  the  hydrogen  lines 
are  still  conspicuous,  though  somewhat  reduced  in  density, 
and  two  lines,  known  as  H  and  K,  due  to  calcium  have 
become  conspicuous.  Following  the  class  F  is  the  class  G, 
of  which  the  sun  is  a  typical  member.  Then  come  the  stan 
of  Type  K,  of  which  Beta  Geminorum  and  Arcturus  are  ex- 
amples, in  which  the  intensity  of  the  hydrogen  lines  is  in- 
duced until  they  are  less  conspicuous  than  some   of  the 
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metallic  lines,     The  spectra  of  these  stars  are  given  in  Figs. 
182  and  183. 

Type  III.  Stars  of  the  third  type  are  red,  and  the  two 
most  conspicuous  examples  of  them  are  Antares  and  Betel- 
geuze.  Only  about  500  of  these  stars  are  known,  and  many 
of  them  are  variable.  Their  spectra  show  hea^-y  absorption 
bands,  due  almost  entirely  to  titanium  oxide,  which  are 
sharp  on  their  borders  toward  the  violet  and  which  gradually 
fade  away  tow  ard  the  red.  The  fact  that  a  compound  exists 
in  these  stars  indicates  that  their  temperatures  are  lower 
than  those  of  Types  I  and  II.  The  same  thing  is  indicated 
by  their  colors  in  accordance  with  the  first  law  of  spectrum 
analysis  (Art.  223).  In  all  known  cases  they  have  very  small 
pi'oper  motions,  which  means  that  they  are  immensely  re- 


Yerk-n  Ubaereali 


mote  from  the  sun.  Hence  such  brilliant  stars  as  Antarea 
and  Betelgeuze,  whose  light  is  largely  absorbed,  must  be 
enormous  objects.  They  are  almost  certainly  many  thou- 
sand times  greater  in  volume  than  our  own  sun. 

The  stars  of  Secchi's  third  type  are  of  Type  M  in  the 
Harvard  system.  They  are  divided  into  two  chief  sub- 
clas.sea,  Ma  and  Mb  ;  a  third  subclass  Md  includes  the  long- 
period  variable  stars  whose  spectra  show  bright  hydrogen 
lines  in  addition  to  the  bands  characteristic  of  the  whole  type. 

Type  IV.  The  260  stars  of  Secchi's  fourth  type  are  all 
faint  and  of  a  deep  red  color.  Their  spectra  have  heavy 
absorption  bands,  or  fiutinga,  sharp  on  the  red  side  and  in- 
definite on  the  violet,  being  in  this  respect  opposite  to  the 
stars  of  the  third  type.  The  absorption  hands  in  this  case 
are  probably  due  to  carbon  compounds.    These  stars  are  all 
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very  remote  from  the  sun,  and  nothing  is  known  of  their 
absolute  magnitudes,  or  of  their  masses  and  dimensions. 

The  Wolf-Rayet  Stars.  There  is  another  class  of  stars, 
discovered  in  1867  by  Wolf  and  Rayet  at  the  Paris  Observa- 
tory, They  are  Type  O,  having  five  subdivisions,  in  the 
Harvard  system.  Their  spectra  consist  of  fairly  continuous 
backgrounds  on  which  arc  Buperimposcd  many  dark  lines 
and  bands,  some  few  of  which  are  due  to  helium  and  hydro- 
gen, but  most  of  ihem  to  unknown  substances.  They  con- 
tain in  addition  many  bright  lines.  The  metallic  lines  of  the 
solar  spectnim  are  quite  unknown  in  these  stars.  Of  the 
more  than  100  stars  of  this  type  so  far  discovered,  all  are 
situated  cither  in  the  Milky  Way  or  in  the  Magellanic  Clouds 
in  the  southern  heavens,  which  have  most  of  the  characteris- 
tics of  the  Milky  Way- 

296.  Phenomena  Associated  with  Spectral  T^es. — A 
large  number  of  plicnomcnii  combine  to  show  that  the  classi- 
fication of  stars  according  to  their  spectra  is  on  a  funda- 
mental basis.  The  order  of  arrangement  from  the  simplest 
to  the  most  complex  spectra  is  : 

Seochi's  Typos :     Wolf-Rayet;  I;  II;  III;       IV. 

Harvard  Types :  0 ;  B.  A ;      F,  O,  K ;       M ;        N. 

If  the  gaseous  nebuls  were  included,  they  would  be  put 
ahead  of  the  Wolf-Rayet  stars.  There  is  a  fairly  continu- 
ous sequence  of  spectra  from  Type  0  to  Type  M,  but  there 
is  an  abrupt  break  between  Types  M  and  N. 

The  principal  phenomena  which  are  associated  with  the 
spectral  types  and  which  agree  on  the  whole,  in  arranging 
the  stars  in  the  same  order,  arc ; 

(a)  The  average  radial  velocities  of  the  stars,  determined 
largely  at  the  Lick  Observatory  and  its  southern  branch, 
and  discussed  by  Campbell,  are  slowest  for  stars  of  Type  B 
and  increase  to  Type  M.  The  results,  as  given  by  Campbell, 
with  velocities  expressed  in  miles  per  second,  are: 
Typaa :  B,      A,      P,      G.       K,       M.      Planetary  Nebula. 

Velooities:    4.0,    0.3;    8-0-    9.3,    10.4,    10.6,  16.7 


H 
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(6)  The  average  velocities  of  the  stars  across  the  line  of 
sight,  as  determined  by  Lewis  Boss,  show  a  similar  relation 
to  the  spectral  tj-pe.  The  results  are : 
Types:  B,  A.  P.  O,  K.  M. 

Velocities:  3.9,  6.3,  10.0,  11.5,  9.4.  lO.G. 
These  results  together  with  those  depending  on  the  spectro- 
scope establish  the  fact  that  the  stars  of  Types  B  iintl  A 
move  on  the  average  only  about  half  as  fast  as  those  of 
Types  G,  K,  and  M. 

(c)  In  Kapteyn'a  star-stream  I,  the  B  and  A  stars  are 
relatively  numerous,  the  F,  G,  and  K  stars  occur  less  fre- 
quently, and  the  reti  stars  are  very  few  in  number.  In  the 
star-stream  II,  the  B  and  A  stars  are  not  numerous,  the  F, 
G,  and  K  stars  occur  in  relatively  great  numl>er8,  and  the 
M  stars  are  scarce. 

(d)  While  there  are  two  great  etar-streania,  there  are  very 
many  divergencies  from  them  on  the  part  of  individual 
stars.  The  stars  of  Type  B  scarcely  show  the  star-stream- 
ing tendency,  those  of  Type  A  conform  very  closely  to  the 
two  streams,  and  succeeding  types  show  more  and  more  of 
heterogeneity  of  motion. 

(e)  On  considering  only  stars  brighter  than  magnitude  6.5 
BO  as  not  to  have  the  results  influenced  by  the  myriads  of 
remote  stars,  it  is  found  that  the  B  stars  are  10  times  as 
numerous  in  the  Milky  Way  as  near  its  poles,  the  A  stars 
are  less  strongly  condensed  in  the  Milky  Way,  and  finally, 
after  continuous  gradation  through  the  various  types,  the 
M  stars  are  scattered  uniformly  over  the  sky. 

(/)  For  a  given  magnitude  the  stars  of  Type  B  are  more 
remote  than  those  of  Type  A,  which,  in  turn,  are  more  re- 
mote than  those  succeeding  down  to  Type  G ;  then,  beyond 
Type  G,  the  distances  increase  to  stars  of  Type  M,  whose 
distances  are  exceeded  only  by  the  B  stars.  This  means, 
of  course,  that  the  B  stars  are  most  luminous,  the  A  stars 
,  the  G  stars  least  luminous,  while  the  M  stars 
B  luminous  than  any  except  the  B  stars. 
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{g)  The  proportion  of  B  stars  which  are  spectroscopic 
binaries  is  large,  the  proportion  is  lees  for  the  A  etan  and 
it  decreaaeB  through  the  list  of  types  to  M. 

(h)  Lower  limits  to  the  combined  masses  of  Bpectrtweopic 
binaries  can  be  determined  (Art.  285).  The  average  mas 
of  those  of  Type  B  is  about  7.5  times  the  avera^^  mass  of 
all  other  types. 

(t)  The  average  pciriod  of  spectroscopic  binaries  of  Tj-pe  B 
is  very  short,  the  average  is  a  little  longerforstaraof  Ty-pe  A, 
and  increases  through  Types  F,  G,  K,  and  M, 

0)  The  average  eccentritity  of  the  orbits  of  specf roseopic 
binaries  is  small  for  stars  of  Type  B,  is  larger  for  stars  of 
Type  A,  and  is  increasingly  larger  for  stars  of  the  Types  F, 
G,  and  K,  in  order. 

297.  Evolution  of  the  Stars.  —  All  the  resources  of  science 
have  been  taxed  to  the  utmost  in  attempting  to  discover  the 
present  constitution  and  properties  of  the  sidereal  system. 
At  the  best,  astronomers  have  barely  begun  to  explore  the 
wonders  of  that  part  of  infinite  space  which  is  within  the 
reach  of  modern  instruments.  Moreover,  their  observational 
experience  is  limited  to  a  moment  of  time  compared  with 
the  immense  ages  required  for  appreciable  changes  to  take 
place  in  the  heavenly  botiies.  Hence  it  may  seem  presump- 
tuous for  them  to  attempt  to  discover  the  mode,  or  modes, 
of  evolution  of  the  stars.  Any  theories  of  stellar  evolution 
that  may  be  developed  at  the  present  time  are  probably  no 
more  than  first  approximations,  and  they  may  be  entirely 

wrong. 

Astronomers  almost  universally  hold  that  the  stars  have 
contracted  from  the  nebula,  and  most  of  them  believe  that 
wilh  increasing  age  they  have  gone,  or  are  now  going,  suc- 
,«avely  and  in  order  through  the  spectral  iypcs  B,  A,  F, 
r  K  and  M.  The  B  stars  art^  of  very  high  temperature 
J^ ^  pouring  out  radiant  energj-  at  an  extravagant  rate. 
hdtot  Aey  «»1  somewhat  it  is  supposed  that  they  become 
^^      ■     e  A.    Their  spectra  are  supposed  to  be  simple 
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becauHe  all  compounds,  and  possibly  some  elements,  are 
broken  up  and  dissociated  at  those  high  temperatures.  With 
further  loss  of  heat  they  are  supposed  to  pass  successively 
through  the  other  spectral  types  until,  at  the  M  stage,  com- 
pounds exist  in  their  atmospheres.  Beyond  the  M  stage  their 
light  diminishes  and  they  finally  become,  in  the  course  of 
time,  cold  and  dark,  and  they  remain  in  this  condition  until, 
perhaps,  they  are  again  reduced  to  the  nebulous  state  by 
collision  with  other  stars.  All  the  forms  in  the  chain  from 
nebula  to  relatively  dark  stars  are  known  to  exist  from 
observational  evidence.  The  many  other  characteristics 
which  arrange  the  stars  in  nearly,  or  exactly,  the  same  order 
are  regarrled  as  strongly  supporting  the  theory. 

The  theory  of  the  evolution  of  the  stars  has  strong  resem- 
blances to  the  Laplacian  theory  of  the  development  of  the 
solar  ayatem.  This  is  only  natural  in  view  of  the  general 
acceptance  of  the  theory  of  Laplace  almost  up  to  the  present 
time.  As  additional  facts  have  been  discovered  they  have 
been  placed  in  this  scheme,  often  without  inquiring  if  they 
would  not  fit  as  well  in  some  other  theory, 

Laplace  started  with  an  intensely  heated  and  widely  ex- 
panded solar  nebula  and  he  supposed  that  it  has  cooled 
down  to  its  present  temperature.  Helmholtz  supplemented 
and  corrected  this  theory  by  proving  that  contraction  would 
develop  an  enormous  amount  of  heat  and  greatly  retard  the 
process  of  cooling.  The  conclusions  of  Helmholtz  have  been 
given  place  in  the  theory  of  the  evolution  of  the  stars.  Lane 
made  a  further  very  important  supplement  to  the  work  of 
Laplace  when  he  proved  that  if  a  body  in  a  monatomic  gEis- 
eoua  state  contracts,  heat  is  produced  in  quantities  not  only 
sufficient  to  make  up  for  that  which  had  been  radiated  away, 
but  also  sufficient  actually  to  increase  its  temperature.  In 
spite  of  the  fact  that  the  results  of  Lane  have  been  current 
for  alrao.st  fifty  years,  they  have  often  been  ignored  in  their 
application  to  the  evolution  of  the  stars.  If  the  stars  of 
any  tjpe  are  in  a  tenuous  monatomic  gaseous  condition  and 
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298,  The  Tacit  Asttunptions  of  the  Themies  of  SteDsr 
Evolutlon.  Ill  ivry  theory  th<-rft  are  many  more  or  less 
tiwfit,  iuw<ii(ri|jtiofiM,  Hornc  of  which  may  be  of  great  impor- 
Uum:  It  hiwU-'-ri  foiiml  hy  a  I,iri5'' amount  of  experience  that 
t^iin  mnni  fn-qii'^dtly  '-rtt^T  tliroiiRh  unexpressed  b>-pothe5es 
thwi  in  itiiy  "ttuT  wity.  Thin  hiw  Jx-cn  particularly  tnie  in 
matU^inlm  whiTC  it  ix  n-lfitjvcly  easy  to  determine  pre- 
ciw^ly  tb(!  I'»;iiti«n  of  thit  error  that  haji  been  made  in  any 
tnam'.  of  rcflnoninK.  It  followH  that  one  of  the  best  waj-s  of 
avwlinft  «iToni  w  to  expretw  fully  all  the  hjTxitheses  on 
which  r«aiionin({  w  bawtd.  And  finite  awide  from  this,  it  is 
aKfal  and  important  to  know  all  the  bases  on  which  con- 
diMOlii  actually  reet.    Conuequcntly,  the  tacit  and  imper- 
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fectly  eatabUshed  aasumptions  on  which  the  present  theories 
of  stellar  evolution  are  founded  will  be  enumerated ;  it  will 
be  found  that  at  the  present  time  most  of  them  must  remain 
simply  assumptions. 

(a)  /(  is  assumed  thai  the  evolution  of  the  stars  is  from  neb- 
ulcE  to  dense  bodies  and  not  in  the  opposite  direction. 

The  best  evidence  in  support  of  or  against  a  proposition 
is  usually  observational ;  when  observational  evidence  is 
lacking,  we  must  resort  to  reasoning  based  as  far  as  possible 
on  principles  which  have  been  established  by  experience. 

There  is  as  yet  no  observational  evidence  that  nebulie  or 
stars  contract ;  observations  have  extended  over  so  short  a 
time  that  it  could  not  be  expected.  On  the  other  hand,  ia 
the  case  of  the  novse,  stars  are  observed  to  acquire  the  char- 
acteristics of  the  Wolf-Rayet  stars,  which  border  on  the 
planetary  nebulee.  Of  course,  this  may  be  quite  excep- 
tional, but  it  should  not  be  neglected.  Consequently,  in  this 
matter  there  is  no  conclusive  observational  evidence. 

The  principal  known  force  which  tends  to  produce  con- 
densation is  gravitation.  In  the  case  of  the  stars  this  force 
is  balanced  by  the  expansive  forces  due  to  their  high  tem- 
peratures. If  their  heat  is  produced  only  by  their  con- 
traction, as  they  lose  heat  by  radiation,  they  certainly  con- 
tract. But  the  contraction  theory  is  inadequate  to  explain 
the  heat  which  the  sun  has  radiated  (Art.  219),  and  it  seems 
very  probable,  if  not  altogether  certain,  that  stars  have 
other  important  sources  of  energy.  As  has  been  suggested, 
the  heat  of  the  sun  is  probably  due  in  part  to  the  disinte- 
gration of  radioactive  substances.  Perhaps  in  the  extreme 
conditions  of  pressure  and  temperature  prevailing  in  the 
deep  interiors  of  stars  the  process  of  disintegration  is  greatly 
accelerated  and  is  going  on  in  all  elements.  And  probably 
there  are  very  important  sources  of  energy  not  now  sus- 
pected, just  as  the  sub-atomic  energies  were  not  suspected 
a  few  years  ago. 

Now  suppose  the  amount  of  energy  generated  in  a  star 
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II  is  obvious  that  we  do  not  know  with  any  bigfa  degree 
of  certainty  in  which  direction  stellar  evolution  is  proceed- 
Sound  scientific  method  calls  for  keeping  both  of  tbem 
in  mind  until  a  decision  is  reaebe<l  on  the  basis  of  unequiv- 
ocal evidence.  Whichever  of  the  two  conclusions  may  |m»- 
viUl,  the  result  will  be  unsatisfactorj',  for  it  will  indicate  a 
universe  evolving  always  in  one  direction,  leaving  the  origia 
unexplained.  Possibly  there  are  changes  in  both  directions, 
and  it  may  be  that  stellar  evolution  in  some  way  and  on  a 
Bt'Upendous  scale  is  approximately  cycUcal  like  most  of  tbe 
changes  which  come  entirely  within  the  range  of  our  experi- 
ence. 

(b)  It  is  assumed  that  all  stars  have  approximately  the  samt 
eJtemical  constitution;  or,  if  not,  that  their  spectra  do  not  de- 
pend (o  an  imporianl  extent  upon  their  chemical  constitutions. 
One  or  the  other  of  these  assumptions  is  made  tacitly  when 
it  is  supposed  that  all  stars  pass  in  one  direction  or  the  other 
through  several  identical  spectral  types. 

The  Bpectroacope  proves  that  the  stars  contain  familiar 
dements;  it  does  not  prove  that  they  do  not  contain  some 
elements,  or  that  the  known  elements  occur  in  all 
stars  in  the  same  proportions.  The  great  diversities  on  the 
e&rth  make  it  natural  to  conclude  that  there  are  important 
references  in  the  millions  of  stars  in  the  heavens.  More- 
orer,  the  different  dimensions,  densities,  and  absorption 
plectra  of  the  planets  lead  to  the  same  conclusion.  The 
liypothesia  that  the  stars  are  of  approximately  identical  con- 
stitution mu.st  be  considered  improbable  imtil  it  is  supported 
liy  observational  evidence. 

It  is  too  bold  to  assume  that  if  the  stars  are  differently 
cnactituted  they  nevertheless  have  the  same  spectra  at  the 
«■■«  temperatures.  But  the  assumption  actually  made  ia 
so  bad  as  it  at  first  seems,  for  the  stellar  spectra 
to  F,  and  even  G,  htp  classified  primarily  on  the 
their  hydrogen  emission  and  absorption  lines. 
there  is  'unity  for  great  variety, 
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and  indeed  variety  is  not  wanting.  There  is  nothing  ob- 
viously unsound  in  supposing  that  the  character  of  the  hydro- 
gen spectra  of  the  stars  depends  upon  their  temperatures. 
But  the  question  is  whether  a  star  whicii  has  only  helium 
and  hydrogen  hnea  can  ever  show  the  strong  metallic  absorp- 
tion lines  which  are  characteristic  of  stars  of  Types  F  anti  G. 
Fortunately,  there  is  now  direct  evidence  on  this  point,  for 
there  are  certain  variable  stars  which,  at  their  maxima, 
are  of  spectral  Types  B  or  A,  while,  at  their  minima,  they 
are  of  Types  F  or  G,  There  is  nothing  inherently  improb- 
able in  ascribing  these  changes  in  luminosity  and  spectra  to 
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Fin.   185,  —  For  a  given  dcusity,  the  more  mosaiTo  the  star  the  higher  ita 
temperature. 

changes  in  temperature,  produced,  perhaps,  by  contracting 
and  expanding  oscillations  of  these  stars. 

(c)  It  is  assuvied  that,  aside  from  the  rate  of  change,  the  evo- 
lution of  a  star  does  not  depend  on  its  mass.  In  considering 
this  point  the  assumption  that  the  spectrum  of  a  star  depends 
upon  the  temperature  of  its  radiating  surface,  or  radiating 
layer,  should  constantly  be  borne  in  mind. 

It  should  be  recalled  in  the  first  place  that  the  known 
masses  of  the  stars  differ  considerably  (Art.  284),  and  it  is 
improbable  that  the  few  which  are  known  cover  anywhere 
nearly  the  whole  range.  Consider  two  stars,  S  and  iS',  Fig. 
185,  of  the  same  material  and  equal  density  but  one  having 
twice  the  mass  of  the  other,  and  fasten  attention  on  unit 
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are  in  the  ratio  of  only  8  to  1,  differ  in  luminosity  in  the  ratio 
of  1024  to  1.  If  a  star  were  eight  times  more  massive  than 
the  sun,  it  would  have  a  spectrum  of  Type  B  or  A,  if  these 
spectra  indicate  high  temperatures,  and  it  would  be  a  star 
comparable  to  the  most  brilliant  ones  found  in  the  heavens. 
On  the  other  hand,  if  it  were  one  eighth  as  masave  as  the 
sun,  it  would  have  a  spectrum  characteristic  of  low  temper- 
atures (Type  M?},  and  would  be  a  feebly  luminous  body. 

Of  course,  it  is  not  necessary  that  other  stars  should  have 
the  same  density  as  the  sun.  It  is  known  from  eclipsing 
viitiabies  that  comparatively  few  are  as  dense  as  the  sun, 
and  that  the  densities  may  be  as  small  as  one  hundredth  or 
even  one  thousandth  of  that  of  the  sun.  It  can  be  shown 
that  the  temperature  of  a  gaseous  star  is  proportional  to  the 
cube  root  of  the  product  of  the  square  of  the  mass  and  the 
density.  Hence,  in  order  that  a  star  having  a  density  one 
hundredth  that  of  the  sun  should  be  as  hot  as  the  sun,  its 
mass  must  be  about  10  times  greater.  But  under  these 
conditions  its  surface  and  luminosity  would  both  be  about 
100  times  as  great  as  those  of  the  sun.  That  is,  a  star  nearly 
as  brilliant  as  one  of  the  Pleiades  might  be  only  one  hundredth 
as  dense  as  the  sun  if  its  mass  were  only  10  times  greater. 
A  star  10  limes  as  great  in  mass  and  one  tenth  as  dense  as 
the  sun  would  be  460  times  as  luminous. 

It  can  be  seen  from  this  incomplete  discussion  that  in 
order  that  a  star  shall  have  high  temperature  and  great 
luminosity  it  must  have  a  mass  at  least  as  great  as  that  of 
the  sun;  for  it  is  not  probable  that  a  much  denser  body 
would  be  in  a  gaseous  condition.  But  the  luminosity  of  a 
gaseous  star  is  so  sensitive  a  function  of  its  mass  that  one 
10  times  more  massive  than  the  sun  would  be  a  brilHant 
object  unless  its  density  were  exceedingly  low ;  and  one  only 
one  tenth  as  massive  as  the  sun  would  be  relatively  faint, 
even  if  it  were  as  dense  as  the  sun.  Therefore,  it  is  not 
strange  that  no  stars  with  very  small  masses  have  been 
found ;  one  as  small  as  one  of  the  planets  could  not  be  self- 
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luminous  while  in  a  gaseous  state.  On  the  other  hand,  no 
star  many  times  more  massive  than  the  sun  has  been  found. 
Perhaps  the  reason  is  that  the.{lata  respecting  masses  is  yet 
BO  meager ;  perhaps  the  temperatures  in  massive  stars  be- 
come so  great  tliat  their  atoms  disintegrate  and  the  reoiains 
fly  away  into  space. 

(d)  /(  is  assumed  that  the  contraction  of  nebula  into  stars 
began  at  stick  a  time,  or  at  such  titnes,  and  that  the  individual 
nebuke  had  such  masses  that  there  has  resulted  the  present 
sidereal  system  of  nebula  and  stars  in  all  stages  from  hottest  to 
coldest.  The  implications  of  this  assumption  are  not  at  once 
fully  evident ;  they  can  be  brought  out  only  by  a  mathe- 
matical discussion  whose  results  alone  can  be  ^ven  here. 

On  the  basis  of  Stefan's  law  of  radiation  and  the  assump- 
tion that  the  heat  of  a  star  is  developed  entirely  by  contrac- 
tion, it  is  found  that  the  change  of  radius  is  directly  propor- 
tional to  the  product  of  the  time  and  the  square  of  the  mass. 
If  there  are  other  important  sources  of  heat,  and  if  the 
radiation  ia  from  a  layer  of  varying  depth  instead  of  from 
the  surface,  the  law  may  be  much  in  error.  But  on  the 
assumption  that  this  result  applies  to  the  sun,  it  is  possible 
to  compute  the  time  required  for  it  to  have  contracted  from 
any  given  dimensions.  According  to  the  contraction  theory 
its  radius  is  now  diminishing  at  the  rate  of  a  mile  in  44  years. 
Consequently,  on  this  basis  it  has  contracted  from  the  orbit 
of  Mercury  in  1,500,000,000  years.  At  first  thought  this 
would  seem  to  give  a  long  supply  of  heat  to  the  earth  to 
meet  geological  needs;  but  if  the  sun  ever  filled  a  sphere 
as  large  as  the  orbit  of  Mercury  and  radiated  according  to 
Stefan's  law,  whatever  the  source  of  heat  may  have  been, 
its  temperature  must  have  been  so  low  that  its  rate  of  radia- 
tion could  have  been  only  a  little  more  than  one  seven- 
thousandth  that  at  present,  a  quantity  altogether  inade- 
quate to  support  life  on  the  earth.  According  to  this  con- 
traction theory,  4,400,000  years  ago  the  radius  of  the  sun 
was  100,000  miles  greater  than  at  present,  and  its  i 
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radiation  was  only  two  thirds  that  which  is  now  observed. 
With  this  rate  of  radiation  the  theoretical  mean  temperature 
of  the  earth,  determined  by  the  method  used  for  Mars  in 
Art,  172,  comes  out  51°  lower  than  at  present  (60°  F.),  or 
23°  below  freezing. 

The  second  part  of  the  law  gives  the  interesting  and  un- 
foreseen result  that  the  more  massive  a  star,  the  more  rapidly 
it  contracts.  Or,  if  the  results  are  translated  over  into  a 
relation  between  density  and  time,  it  is  found  that  if  a  star  ' 
of  large  mass  and  one  of  smaller  mass  start  with  the  same 
density,  the  density  of  the  large  star  will  increase  faster 
than  that  of  the  smaller  one.  The  rate  of  change  of  density 
is  proportional  to  the  cube  root  of  the  fifth  power  of  the  mass. 
Therefore,  if  one  star  has  8  times  the  mass  of  another  and 
they  start  contracting  from  the  same  density,  it  will  arrive 
at  some  greater  density  in  ^  of  the  time  required  by  the 
smaller  star  to  reach  the  same  density.  As  applied  to  the 
stellar  system,  this  means  that  if  the  stars  all  started  con- 
densing from  nebulee  at  the  same  time,  those  which  have 
the  largest  masses  are  at  present  by  far  the  densest  and 
hottest.  The  lai^e  stars  are  probably  much  hotter  on  the 
average  than  the  small  ones,  but  it  is  doubtful  if  they  are 
denser.  It  must  be  remembered  that  these  results  depend 
upon  the  very  questionable  assumption  that  the  heat  of 
stars  is  due  entirely  to  their  contraction. 

299.  The  Origin  and  Evolution  of  Binary  Stars.  —  The 
great  number  of  binary  stars  calls  for  a  consideration  of 
their  origin  and  evolution.  If  the  stars  have  condensed 
from  nebulae,  it  is  natural  to  suppose  that  binary  stars  have 
developed  from  nebulie  which  divided  into  two  parts,  or 
that  the  divisions  have  taken  place  after  the  condensing 
masses  have  reached  the  star  stage.  It  is  also  conceivable 
that  stars  which  originated  separately  have  later  united  to 
form  physical  systems.  Both  of  these  theories  will  be  con- 
sidered. 

ConsidoT-  first  the  theory  that  the  binary  stars  have  orig- 
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inated  by  the  fission  of  nebulse  or  larger  stars.  The  basis 
for  thp  theory  is  the  very  reasonable  Hssimiption  that  the 
original  nebuke  had  more  or  less  rotation,  possibly  quite 
irregular  in  character.  In  those  cases  where  the  aiDount  of 
rotation,  that  is,  the  moment  of  momentum,  was  small,  it 
is  believed  that  single  stars  rotating  slowly  have  resulted. 
In  those  cases  where  the  moment  of  momentum  was  large, 
it  is  supposed  that  there  has  been  separation  into  two  parts. 

There  is  some  theoretical  basis  for  this  conclusion,  though 
from  a  practical  point  of  view  it  has  generally  been  greatly 
overestimated.  In  a  brilliant  piece  of  work  on  figures  of 
equihbrium  of  homogeneous  fluids  rotating  as  solids,  Poin- 
car^,  following  Madaurin  and  Jacobi,  showed  that  for  slow 
rotation  an  oblate  spheroid  is  a  figure  of  equilibrium,  for 
faster  rotation  an  elongated  ellipsoid  is  the  corresponding  fig- 
ure, and  for  still  faster  rotations  the  eUipsoid  has  a  constric- 
tion, suggesting  that  for  still  faster  rotations  the  figure  would 
be  two  very  unequal  masses.  Now,  when  a  nebula  or  a  star 
contracts  it  rotates  more  rapidly  because  the  moment  of 
momentum  is  constant.  Hence  it  seems  reasonable  to  sup- 
pose that  nebulffl  and  stars  follow  at  least  roughly  the  figures 
found  by  Poincar^  for  the  homogeneous  case. 

There  is  one  very  important  point  of  difference  in  the  prob- 
lem treated  by  Poincar^  and  that  presented  by  contracting 
bodies.  Poincar^  considered  masses  all  of  the  same  density, 
but  having  different  rates  of  rotation.  In  a  contracting 
nebula  or  star  both  the  density  and  the  rate  of  rotation 
change.  The  increase  in  density  tends  to  sphericity;  the 
increase  in  rate  of  rotation  tends  to  oblateness.  The  two 
effects  almost  balance  each  other,  but  the  effect  of  increas- 
ing rotation  prevails  by  a  narrow  margin.  For  example, 
if  the  sun  contracts  with  loss  of  heat,  it  will  not  become  so 
oblate  as  Saturn  is  now  until  its  density  is  hundreds  of  times 
greater  than  that  of  platinum.  This  does  not  mean  that  a, 
body  contracting  from  a  nebula  may  not  divide  into  two 
parts  at  any  stage  of  its  development,  but  it  shows  that  the 
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tendency  for  fission  is  very  jnuch  smaller  than  has  been 
supposed. 

Suppose  a  star  divides  into  two  parts.  Originally  the 
two  components  will  be  rotating  so  as  to  keep  their  same 
faces  toward  each  other.  But  with  further  contraction  they 
will  rotate  more  rapidly  while  their  period  of  revolution  re- 
mains unchanged.  Then  tidal  evolution  begins,  and  under 
these  conditions  Darwin  has  shown  that  the  tides  will  in- 
crease the  periods  of  rotation  rapidly  and  the  period  of  revo- 
lution niore  slowly.  Moreover,  if  the  original  orbit  had  any 
eccentricity  it  will  be  increased.  Consequently,  as  the  age 
of  a  binary  star  having  originated  by  fission  increases,  its 
period  of  revolution  increases  and  the  eccentricity  of  its 
orbit  increases. 

From  an  extensive  study  of  the  orbits  of  spectroscopic 
and  visual  binaries,  Campbell  has  found  that  stars  of  Types 
B  and  A  have  short  periods  and  nearly  circular  orbits,  and 
that  jjoth  the  periods  and  the  eccentricities  increase,  on  the 
average,  through  the  spectral  types  F,  G,  K,  and  M.  One 
would  be  tempted  to  infer,  in  accordance  with  the  theory 
of  the  evolution  of  stars  through  the  spectral  types  from  B 
to  M,  that  binaries  of  Type  B  had  recently  originated  by 
fission  and  that  with  increasing  age  they  would  go  through 
the  various  spectral  types  with  periods  increasing  corre- 
spondingly from  a  few  hours  to  an  average  of  more  than  a 
century,  and  the  eccentricity  from  near  zero  to  an  average 
of  about  0.5. 

But  such  an  inference  would  be  entirely  unwarranted  and 
erroneous,  for  an  ample  consideration  of  the  dynamics  in- 
volved shows  that  when  a  nebula  or  star  divides  into  two 
equal  masses,  tidal  friction  in  any  time  however  long  ia  not 
competent  to  make  the  period  more  than  about  twice  its 
original  value ;  if  the  masses  are  unequal  but  comparable, 
as  in  the  case  of  all  known  binaries,  the  period  may  be 
lengthened  several  fold.  But  it  is  altogether  impossible  for 
tidal  friction  to  increase  the  period  of  a  binary  star  whose 
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huisdred  miles  per  second ;  take  the  most  favorable  case  where 
it  is  zero.  Suppose  that  at  their  nearest  approach  their 
diatance  from  each  other  is  as  great  as  that  from  the  earth 
to  the  sun.  Under  the  hypotheses  adopted  they  will  have 
a  relative  velocity  of  about  37  miles  per  second.  Suppose 
they  encounti?r  enough  resistance  from  outljing  nebulous 
or  planeteaimal  matter,  or  from  collision  with  a  planet,  to 
reduce  their  most  re- 
mote point  of  recession 
after  collision  to  100 
astronomical  units. 
It  can  be  shown  that 
their  velocity  must 
have  been  reduced  by 
Y5^  of  its  amount,  or 
by  0.185  mile  per 
second.  This  would 
generate  as  much  heat 
as  the  sun  radiates  in 
about  8  years.  Conse- 
quently the  expansive 
effect  of  the  heat 
generated  by  the  col- 
lision will  not  be  im- 
portant, and  after  the 
encounter  the  stars 
will  be  moving  in  an  orbit  whose  eccentricity  is  0.98  and 
whose  period  is  about  250  years.  The  resistance  could  have 
been  produced  by  collision  with  a  planet  whose  mass  was  ^^ 
that  of  one  of  the  suns.  It  follows  that  if  a  star  passing  the 
sun  should  meet  Jupiter,  something  comparable  to  what  has 
been  given  in  the  example  wou'd  result.  Figure  186  shows 
the  original  parabola,  the  point  of  collision  P,  and  the 
elliptical  orbit  after  collision. 

Now  let  us  follow  out  the  history  of  the  star  after  such  a 
collision  as  has  been  described.    If  there  are  no  subsequent 
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rorking  hypothesis.  We  may  then  inquire  whether  there 
ill  be  luminous  stars  through  infinite  time,  or  whether  they 
1  will  ultimately  become  extinct. 

According  to  physical  laws  as  they  are  known  at  present, 
3ie  stars  are  pouring  radiant  energy  out  into  the  ether  at 
3  extravagant  rate  and  it  is  not  being  returned  to  them  in 
relatively  appreciable  amounts.  For  example,  the  sun  loses 
more  hght  and  heat  by  radiation  in  a  second  than  it  will 
■receive  from  all  the  stars  in  the  sky  in  a  million  years.  It  is 
Pinconceivable  that  a  star  has  an  unlimited  store  of  internal 
energy.  Therefore  its  energy  will  ultimately  become  ex- 
hausted unless  a  new  supply  is  furnished  in  r.Dme  way.  One 
method  by  which  the  internal  energj'  of  a  star  may  be  in- 
creased is  by  collision  with  another  star.  But  after  colU- 
sion  the  combined  mass  would  lose  its  energy  similarly  until 
another  restoration  by  another  colhsion.  But  by  this  pro- 
cess the  matter  of  the  universe  becomes  aggregated  in 
larger  and  larger  masses,  and  if  it  is  finite  in  amount,  a 
stage  will  be  reached  when  no  more  collisions  will  take  place. 
Then  these  final  stars  will  in  the  course  of  time  radiate  away. 
all  their  internal  energy  and  remain  throughout  eternity 
dark,  cold,  and  lifeless.  At  least,  such  is  the  teaching  of 
present-day  science  if  the  physical  universe  is  finite,  as  has 
usually  been  assumed. 

But  now  suppose  that  there  are  myriads  of  galaxies  compos- 
ing larger  and  still  larger  cosmic  units,  and  remember  that 
there  are  no  observational  facts  whatever  which  contradict 
this  hypothesis.  Under  this  assumption  the  energy  in  the 
universe  is  also  infinite.  It  does  not  follow  from  this, 
however,  that  it  will  last  an  infinite  time,  for  there  are,  by 
liypothesiB,  infinitely  many  bodies  which  are  subject  to 
collisions  and  which  are  radiating  energy  into  the  ether. 
But,  on  the  other  hand,  if  the  relative  speed  of  the  larger 
cosmic  units  is  great  enough,  there  will  be  enough  energy  to 
last  the  infinite  universe  an  infinite  time.  This  follows  from 
!'he  fact  that  infinities  may  be  of  different  orders,  as  the 
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certainly  a  hundred  years  are  required  for  light  to  cross  them, 
They  are  extremely  faint  (the  long-exposure  photographs 
being  quite  misleading)  and  tbcy  are  probably  very  tenuous, 
though  nothing  is  actually  known  regarding  their  density. 
If  they  are  condensing  under  gra\ntation,  the  process  must 
be  going  on  extremely  slowly. 

An  example  of  a  less  widely  extended  and  apparently 
much  denser  nebula  is  the  great  nebula  in  Orion  (Pig.  61), 
which  is,  perhaps,  the  most  wonderful  and  beautiful  object 
in  the  heavens.  It  fills  a  space  whose  apparent  diameter 
is  more  than  haff  a  degree.  This  meai^  it  is  of  enormous 
volume,  for  it  is  as  remote  as  certain  stars  which  are  asso- 
ciated with  its  denser  parts.  Its  parallax  can  scarcely  be 
over  0".0I  and  it  probably  is  much  smaller;  if  the  larger 
value  is  correct,  its  diameter  is  20,000,000  times  that  of  the 
sun  and  several  years  would  be  required  for  light  to  travel 
from  one  side  of  it  to  the  other.  The  density  of  the  Orion 
nebula  is  altogether  unknown,  but  it  is  generally  regarded 
as  being  very  low.  If  it  averages  even  y^niWtr  f^^*  "^  ^^^ 
atmosphere  and  if  it  is  spherical  (?),  its  total  mass  is 
100,000,000,000,000  times  that  of  the  sun,  and  in  spite  of  its 
enormous  distance,  its  attraction  for  the  earth  is  one  fourth 
that  of  the  sun.  If  the  nebula  is  rare,  it  is  difficult  to  account 
for  its  radiation,  because  it  could  not  have  a  high  temperature 
except  possibly  in  its  deep  interior  where  pressure  of  the  out- 
lying parts  would  prevent  expansion.  The  luminoaty  of  the 
nebuUe,  like  that  of  the  comets,  has  long  been  an  unexplained 
phenomenon. 

The  form  of  the  Orion  nebula  su^ests  whirling  motionB 
of  its  parts.  Relative  internal  motions  were  fornid  first 
by  Bourget,  Fabry,  and  Buisson :  Frost  and  Maney  have 
shown  by  the  spectroscope  that  its  northeastern  part  is 
receding  from  the  solar  system,  while  the  southwestern  part 
is  approaching  at  the  relative  rate  of  about  6  miles  per  second. 
It  is  clear  that  unless  the  density  is  suiBciently  great  these 
motions  will  cause  the  nebula  to  dissipate  in  space.     On  the 


CB.  XIII,  301]       THE   SIDEREAL  UNIVERSE  553 

assumption  that  this  is  simply  a  motion  of  rotation,  and 
neglecting  gaseous  expansion,  it  is  found  that  the  nebula  is 
in  no  danger  of  disrupting  if  its  average  density  is  greater 
than  lO"*"  times  that  of  water.  At  this  limiting  density  its 
total  mass  .would  about  equal  that  of  the  sun. 

It  was  supposed  in  the  days  of  Sir  William  Herschel  that 
the  nebula)  may  be  galaxies  which  are  so  remote  that  their 
individual  stars  are  not  distinguishable,  even  with  tlic 
most  powerful  telescopes.  This  is  certainly  not  the  trm? 
explanation  of  the  irregular  nebulaa.  In  the  first  place,  the 
spectra  of  the  brighter  ones  for  which  the  data  are  at  hand 
consist  of  bright  lines,  proving  on  the  basis  of  the  first  law 
of  spectrum  analysis  that  they  are  incandescent  gases  under 
low  pressure.  The  bright  lines  belong  to  a  hypothetical  ele- 
ment nebuhuni,  found  only  in  nebulse,  and  to  hydrogen.  In 
the  second  place,  they  are  condensed  in  the  zone  of  the  Milky 
Way,  which  indicates  they  are  in  some  way  connected  witli 
it.  Campbell  and  Moore  have  found  that  they  show  the 
streaming  tendencies  which  are  characteristic  of  the  stars. 
For  these  reasons  the  conclusion  is  held  that  they  are  tenuous 
gaseous  meml>ere  of  our  own  Galaxy. 

A  very  interesting  fact  has  recently  been  discovered  in 
connection  with  the  Magellanic  Clouds,  two  masses  of 
stars  in  the  far  southern  heavens,  having  the  appearance  of 
two  smaller  galaxies  which  are  quite  independent  of  the 
Milky  Way,  R.  E.  Wilson,  at  the  South  American  branch 
of  the  Lick  Observatory,  has  found  that  the  radial  velocities 
of  the  nebuliB  in  the  Magellanic  clouds  which  are  bright 
enough  for  measurement  show  rapid  recession  of  all  of  these 
objects,  the  average  speed  being  over  150  miles  per  second. 
This  suggests  that  these  aggregations  of  stars  have  velocities 
with  respect  to  our  own  Galaxy  of  a  higher  order  than  the 
average  internal  velocities,  in  harmony  with  the  suggestion 
in  Art.  300. 

Barnard  has  recently  brought  forward  strong  evidence 
for  the  conclusion  that  there  are  relatively  dark  and  opaque 
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The  spiral  nebulie  are  further  characterized  by  being  white, 
whereas  the  large  irregular  nebulae  have  a  greenish  tinge  due  1 
to  the  green  light  from  nebulium.  Most  of  them  are  too 
fiiint  for  detailed  spectroscopic  study,  but  some  of  the 
brighter  of  them  have  lieen  found  to  have  spectra  similar 
t(i  the  sun's  spectrum.  Thi.-f  leads  t:>  the  inference  that  they 
are  perhaps  partly  solid  or  liquid.  On  the  other  hand, 
Scares  has  photo- 
graphed some  of 
them  through  !i 
screen  which  cuts 
ofT  the  blue  end 
of  the  spectrum. 
The  brightness  of 
the  arms  was 
much  more  re- 
duced than  that 
of  the  central 
nuclei,  indicating 
that  a  consider- 
able part  of  their 
light  is  similar  to 
that  from  gases. 
Moreover,  their 
transparency  im- 
plies that  they  are 
tenuous.  Hence, 
they  seem  to  be  vast  swarms  of  incandescent  solid  or  liquid 
particles,  perhaps  with  many  larger  masses,  surrounded  by 
gaseous  materials.  There  is  difficulty  in  explaining  their 
luminosity,  though  Lockyer  attempted  to  account  for  the 
light  of  all  nebulse  by  ascribing  it  to  heat  generated  by  the 
collisions  of  meteorites  of  which  he  supposed  they  are  largely 
composed.  The  obscure  material  in  and  around  nebuUe 
may  be  very  abundant.  This  supposition  is  confirmed  in  the 
case  of  spiral  nebulae,  for  when  one  is  seen  edgewise  the  dark 


Fia.  1R9,  — The  Trifid  Nebula.  Tho  dark  Innea 
by  which  it  is  croaaed  are  probably  due  to  inter- 
vpiiing  dark  matfrial.  Pholographdl  u-ilA  the 
Croialqi  rcftedor  of  Ae  Liek  Obnfrvatori/' 
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distant  as  the  nearest  stars,  its  volume  is  enormous;  the 
smallest  ones  may  be  as  small  as  the  solar  system,  though  they 
would  wind  up  and  lose  their  spiral  characteristics  in  a  short 
time. 

The  suggestion  has  been  made  {Art.  249)  that  a  spiral 
nebula  may  develop  when  a  star  is  visited  closely  by  another 
star,  or  when  a  group  of  stai's  passes  near  another  group  of 
stare.  There  is  no  apparent  difficulty  in  explaining  small 
spirals  in  this  way,  but  t.he 
large  ones  present  a  more 
serious  problem,  esj>ecialJy 
if  we  limit  ourselves  to  the 
close  approach  of  two  single 
stars.  It  is  not  at  all  neces- 
sary to  do  this,  for  in  a 
general  way  the  dj-namical 
principles  involved  apply  to 
aggregates  of  all  dimensions 
up  to  galaxies,  and  even 
beyond  if  there  are  larger 
units  in  the  universe.  There 
is  possibly  some  ev-idence 
that  the  Milky  Way  has  a 
spiral  structure. 

Although  the  larger  spi  rala 
are  enormous  in  extent,  they 
may  have  only  moderate  masses.  However  improbable 
this  may  be  on  the  basis  of  their  appearance,  it  must  be  re-  1 
membered  that  there  is  no  direct  evidence  whatever  at 
present  regarding  their  masses,  and  the  source  of  their  lumi- 
nosity is  quite  unknown.  It  is  natural  to  suppose  that 
though  a  spiral  of  dimensions  comparable  to  the  solar  system 
might  be  produced  by  the  disruptive  forces  of  a  near  approach 
of  two  stars,  it  would  not  be  possible  for  one  a  thousand 
times  larger  to  be  formed  in  the  same  way.  An  exami- 
nation of  the  equations  involved  shows  that,  if  a  certain 
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tographed u-itii  the  CroneltJi  re/Uebfr 
of  the  Lick  Obaematory, 
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speed,  and  tUey  of  course  still  possess  most  of  their  kinetic 
energy. 

It  has  been  more  than  once  suggested  that  the  spiral  neb- 
uUe  are  not  in  reality  nebulse  at  all,  but  distant  galaxies. 
If  this  is  true,  it  is  difficult  to  explain  their  distribution  with 
respect  to  the  Milky  Way,  or  their  strong  central  condensa- 
tions, or  the  fa^^t  that  they  are  crossed  by  dark  streaks  when 
they  are  presented  edgewise  to  us.  Besides,  the  results  of 
Seares'  photograplis  are  opposed  to  this  hypothesis. 

303.  Ring  Nebulae.  —  A  few  nebulse  have  the  form  of 
a!ni:ist.  [x'rfeut  rings,  the  liest  example  of  which  is  the  one 
between  Beta  Lyiie  and  Gamma 
LyiEe  (Fig.  193).  This  nebula  has 
a  iiftecnth-magnitude  star  near  its 
center  which  has  been  suspected 
of  being  variable.  It  is  probably 
as-sociated  with  the  nebula,  though 
this  is  not  certain.  The  spectrum 
of  the  ring  nebula  in  Lyra  has 
been  examined  and  it  has  been 
found  that  hydrogen  extends  out 
considerably  beyond  the  helium. 
The  origin  and  development  of 
these  remarkable  objects  are  quite 
beyond  conjecture  at  present. 
atroutoni  «>Uh  the  40-i»ch  304.  Planetary  Nebulie.  —  The 
"''■  planetary  nebulte  are  supposed  to 

be  next  to  the  0-type  stars  in  evolution,  and  the  0-type  stars 
are  supposed  to  piecede  the  B-type  stars.  They  are  in  all 
cases  apparently  small  in  size,  usually  rather  dense,  particu- 
larly near  their  centers,  and  they  have  rather  well-defined 
outlines.  They  were  named  by  Herachel  from  their  resem- 
blance to  faint  planetary  disks. 

The  spectra  of  about  75  planetary  nebulie  have  been  ex- 
amined. Perhaps  the  most  important  result  of  tliis  examinar 
tion  is  that  their  radial  velocities  (24  miles  per  second)  are 
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at  least  three  times  those  of  the  stars  of  Type  B.  This  is 
squarely  opposed  to  the  theory  that  they  condense  into  stars 
of  Types  0  and  B.  If  this  theory  is  maintained)  an  explana- 
tion of  the  greatly  tlecreased  velocities  is  demanded,  and 
none  is  at  hand.  On  the  other  hand,  the  novse  go  first  into 
planetary  nebulsB  and  then  into  Wolf-Rayet  stars. 

The  central  parts  of  planetary  nebula  give  the  lines  of 
nebulium  and  hydrogen ;  the  outermost  parts  pve  the 
hydrogen  line^  alone.  That  is,  hydrogen  forms  an  atmos- 
phere around  the  denser  nebulium 
and  hydrogen  cores. 

The  problem  of  the  rotation  of 
planetary  nebul»  is  now  being 
taken  up  at  a  number  of  observH" 
tones.  By  an  adaptation  of  the 
spectroscope  first  employed  by 
Keeler  on  the  rin;^3  of  Saturn,  and 
used  more  recently  by  Sliph?r  at 
the  Lowell  Observatory  on  planets 
and  spiral  nebula,  Campbell  and 
Moore  have  found  that  two  of 
these  remarkable  objects  are  rotat- 
ing around  axes  approximately  at 
right  angles  to  a  plane  passing 
through  the  earth  and  the  longer  axes  of  the  nebul».  On 
the  basis  of  the  observed  relative  velocities  of  3.1  to  3.7  miles 
per  second,  and  plausible  assumptions  regarding  the  distance 
of  the  nebulae,  they  found  that  their  masses  are  between  3  and 
100  times  that  of  the  sun,  with  periods  of  rotation  between 
600  and  14,000  years.  With  such  slow  rates  of  rotation  there 
is  no  poHsibility  of  these  objects  ever  dividing  into  two  parts 
and  forming  a  binary  star,  in  spite  of  the  fact  that  their 
density  probably  does  not  exceed  one  millionth  that  of  our 
atmosphere  at  sea  level. 


FiQ.  194,  ^  A  planetary  neb- 
ula.  Pholoffraphfd  unih  the 
CroBBlKu  rrfiectoT  at  the  Lick 
Olufnalorii. 
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Bode-9  law.  257. 
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Brorsen'a  comet,  330. 
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Ecncntric  motion,  118. 
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pole  of.  lUa. 
ElBBticity  of  earth.  S3,  5(1. 
Electrical  repulsion.  'S2S. 
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pressure  of,  69. 
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Glacial  epoch,  73. 
Globular  star  clusters.  500. 
Grating  spectroscope.  369. 
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importance  of  law  of,  231. 
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Infinity  of  physical  universe.  548. 
Irregular  nebul»,  S50. 
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CBDter  of  gravity  of  partL  und  moon, 
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IP  of.  300. 

t-  of.  45.  46.  48,  50. 

^iona  of.  33. 

i(v  of.  59. 


Date,  iilnpe  of  i-hunjn^  of.  181. 
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Juno.  diacovBTj-  of.  258. 

Lunar.  craUr^.  211.                      ^^| 

belta  of.  293. 

Lupus,  473.                                    ^^^1 

great  red  spot  on,  294. 

Lj-ra,  23.  1S3,  156.                            ^^H 

mnrldoga  on.  293. 

pbyaical  Kmditioti  »t,  39«. 

rotation  of.  292.  437. 
witellila  ayBtera  of.  28B. 
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nifw^uiuuL  LIU1IUB,  iKtv,  ova,        '^^^^^^m 
Magnetic  Htorms.  periodicity  d^^^M 

wasoiu  of.  296. 

^^H 

MaRnitudes  of  stars.  142,  465,  ^^H 

Kepler's  lawa.  229. 

Kiaetic  eoersy,  366. 

Kinatic  theory  of  g^s.  68.  492. 

explanation  of  canals  of.  2SSx^^^^| 

polar  caps  of,  377,  378.           ^^^^H 
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Lane's  U«,  3S8.  526. 
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paradoi,  387.  633. 
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LBpUcian  liypotheaiB.  449.  533. 

temperature  of.  277.                 ^^^H 

Latitude.  astroDomieal,  4U,  123. 
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celestial.  127. 

of  moon.  71.  198.                       ^^H 

»{  sun,  364,                                ^^H 

variBlion  of.  63.  BQ. 

Masses,  determination  of,  244.  .^^^H 

Law,  of  areaa,  104,  229. 

of  planets.  254.                         "^^H 

of  Bravitation.  9,  230.  463. 
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.          Lnwa.  of  fornt.  236. 

of  motion,  8,  80. 
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Leap  year.  184. 

albedo  of,  368.                          ^^^H 

Leo,  157.  340. 

atmosphere  of,  268.                  ^^^1 

librations  of,  371.                     ^^^H 

Lcxell'B  comet.  321. 

markings  of,  369.                      ^^H 

Libration  of  Mercury.  271. 
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Librationsof  mooB,  201. 
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Lick  Obeervatory.  150,  160.  166.  360. 
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277,  278,  2Sfi,  289,  291,  424,  483, 
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507,  615.  530.  653,  555.  557.  561. 
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light,  absorption  of,  370. 
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from  moon.  204. 

Meteorites.  343.                           ^^^H 

from  BUn,  340. 
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nature  of,  366. 
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polarUed.  36fl. 
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pressure  of,  325. 
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effects  of  on  solar  system,  3uE^^^^| 

refraction  ot,  74,  370. 
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wave  lengths  of.  349.  366. 
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lOdiacal,  262,  328.  442. 

Milky  Way,  22.  146,  160.  431.  462, 

Longitude,  123. 

470.  473,  400,  491.  406.  498.  607. 

celastial,  127. 
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physipal  oondition  ot,  308. 

eae  al,  B6. 

rotation  ot,  307.  437- 

vcJocity  of.  69. 

satelUle  of,  306, 

Moment  of  momontuni,  88. 

Nitrogen,  64, 

ofaolarByMem,  416.  417. 

Monoceroa,  473. 

188. 

Mood,  ]S8. 

Norma.  473. 

apogee  of,  197. 

Northern  Crown,  157. 

Bpparent  motiou  ot,  188. 

Nova  AurigK,  524, 

Nova  Pereei.  525.  526. 

craterHof.  211. 

Number  o(  stars,  145.  464,  466,  46& 

density  of,  302.  254. 
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diurmd  drdes  of.  1B2. 

Oblaleneas  of  earth.  31,  34.                    ^^H 
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effects  of  on  earth,  217. 
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beat  received  fnim.  204. 
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UbmtioDsof,  201. 
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map  of.  209. 

muaof,  71.  198.254. 

ot  planets,  date*  ot,  2S6,                       ^" 

Orbits,  of  binary  stars,  507. 

orlHt  of,  1S8,  197. 

of  comets.  313. 

perigee  of.  197. 

Of  planetoids.  259. 

periods  of.  189. 

of  planets,  elements  ot,  248,  248. 

phases  of.  191. 

Orinin.  of  binory  stars.  543. 

rays  and  rills  of.  214. 

of  comets,  322.  442. 

rotation  of,  200. 

of  metoorites.  345. 

aateUites  of,  220. 

of  planetoids.  259. 

Huriace  changes  of,  216. 
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surface  aravity  ot,  202, 

of  species,  413,  413.                           ^^H 

temperaliire  ot.  20S. 

ot  spiral  nebul«,  424.                           ^^H 

velocity  of,  196. 

OrioD,  77.  160,  163.  163.  491.                ^^H 

Motion,  ot  flarth,  103. 

Orion  nebula,  163.  104,  552.               ^^^M 

of  sun.  S6,  482,  483.  484. 

Orion  id  meteors,  341.                          ^^^H 

of  Etars,  145,480.481.487. 
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Mount  WilBonSolarObservatoty,  285. 

348,387,396,401,501,503.554, 

Pallas,  discover]'  of.  258.                       ^^^| 

Mountain    mt'thod    ot    delertnining 

Parabola.  235.                                            ^^^M 

density  ot  earth,  48. 

Parallax,  of  Mars,  definition  ot.  IDO.  ^^M 

MuOriooU.  512. 

Bpootnim  ot,  613, 

of                                                                 ^^H 

Muaca,  473 

Parallelograin  of  forces,  81.                  ^^M 

Parser,  definition  of.  476.                                 ■ 

Nadir.  124. 

Naval  Obaervalory,  17, 123,  180,  181, 
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Nebulm,  irregular,  650, 

planetary,  560. 

of  sun  spots.  381.                                                   1 

riDg.  560. 

Perigee  ot  moon's  orbit,  197. 

spiral,  429,  430.  654,  556.  557. 

Perihelion  point,  deBnitioo  of,  101. 

Nebular  hypothesis,  41 1 ,  449, 

louititude  of.  249. 

Nebulium,  653,  655,  661. 

Period,  of  moon,  sidereal.  188. 

Neptune,  atmoephere  of,  307. 

synodical.  189. 

discovery  of.  155,  238. 

Periwl  of  planets,  349. 

Penodii      r  of  bud  apola,  383 

Peraoid      Fteors.  H40. 

Peneus,  .4(1,  159.  IN).  47:1.  400,  I 

Perturbationc,  237. 

Pha«e>,  of  Mercury  uid  Vei 


I,  101. 


Pboboa.  273. 

Photoeraphic  chart  of  iky,  141. 
Pbolosphore,  378.  379. 
PlaiicUjy  orbits,  diiiieneionB  of,  S 
"  '  "a  of,  349.  434. 
w  of.  249.  4:i3. 
'sinial.  hypolbdHlE.  421. 
"      ,  42a. 
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orbila  of,  209,  442. 

origin  of,  259. 
Planela,  226. 

dates  of  clongiitioQ  of.  266. 

date*  of  oppoaitian  of,  266. 

denmt)'  of,  254. 

dimeoBioDS  of.  2M. 

disWnces  of,  249. 

evolution  of,  431. 

heat  received  by,  260. 

inferior,  227. 

intra-Mercurian,  261. 

masses  of,  264. 

origin  of,  431. 

periods  of,  24S. 

possible  undisrovered,  261. 

rotations  of,  437. 

aupcrior,  227. 

surface  gravity  of.  264. 

»>'nodirBl  periods  of,  256. 

trans-Noptunian,  261. 
Fleiadea.  22,  139,  160.  161,  162.  i 

537,  541. 
Pointers,  140.  150. 
Pole.  106. 

altitude  of,  108. 

of  ecliptic.  100. 
Polar  caps  ot  Mara,  277.  378. 
Polaris.  139.  149.  160,  163,  615. 
P..llia.  144.  IDU. 
PotfntiiU  cneriCi  366. 
Prmrpo.  106. 

PRMiwiiuD  of  miuinoxee,  92.  94.  1 
Principia,  232. 
Prism  BpwtiosMpe.  369. 
rtiK-ynn,  144,  Ilt5,  166. 
PromiDonmi.  370.  3U6,  426. 
I'lupor  motion  o(  stars.  146,  ' 


Ptolemaic 
PulkowB,  ] 
pyramids. 


QuadrHluie,  191, 

Radial  velocity,  144.  37S,  377. 
Radiant  point  of  meteors.  330.  MIV' 
RadiDa<rtivity  in  sun 
Radium,  362.  363. 
"-yaandrilla,  214. 

[erencs  puinte  and  lines,  121. 
.wfraction,  74,  370. 
Regulua,  144,  159. 
Reveniiug  layer.  378.  390. 

conatiluCion  of,  392. 
Revolution   of   earth,   96,    08.    10 

101. 
Rigel,  144.  163,  480. 
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Rigidity  ot  earth,  62,  59. 
Ring  nebula  in  I.yra.  155.  500. 
Rings  of  Saturn,  200,  441. 

cxjUHtitution  o[.  302. 

permanency  of,  304. 
Roohc's  limit.  303,  327,  346.  450. 
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of  Jupiter,  292,  437. 

of  Mara,  274,  437. 

of  Morcur)-,  269. 

of  Neptune,  307.  437. 
of  Saturn.  305,  437. 
of  sun,  388,  436. 
of  Uranus.  307,  437, 
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Salinity  of  the  oroana,  361, 
SBt«Ui(es,  of  Jupiter,  289. 

of  Mara,  273. 

of  moon,  220. 

of  Neptune,  306. 

of  Saturn.  297. 

ot  Uranus.  306. 

Salum.  phyEiini]  condition  of,  300. 
ring  system  of,  299,  441. 
rotation  of,  305,  437. 
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Science,  1. 

iniperfecUoHa  of,  10. 

Star.  cluBlcrs,  500. 

methods  of.  6. 

streamji,  490, 
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